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ABSTRACT
Due to the growing pressure on the conventional water resources and the increasing
population in Egypt, attention has been given to increase the share of seawater desalination in
total water resources mix. The most common desalination technology in Egypt is the reverse
osmosis (RO) desalination which, beside the production of fresh water, results in large amounts
of high salinity brine that is normally being disposed of into the sea. Since the generated brine
usually contains traces of chemicals, which have been used for the pretreatment of water, along
with a wide range of heavy metals resulting from the corrosion of the pipes, the discharge of
the brine into the sea represents a serious environmental challenge if not properly managed.
In order to reach an improved overall brine management process, a multitude of
research work focused on investigating different techniques in that regard so that the impact on
the surrounding environment becomes minimal. A number of parameters have been identified
as the key factors which should be considered to reduce the harmful impacts on the
environment. This includes both the volume and the chemical composition of the brine,
geographical location and available area of the disposal site as well as the capacity of the
desalination plant. The volume reduction of the brine could be achieved using different
techniques; one of which is the fertilizer drawn forward osmosis (FDFO) process. In that
process, RO brine is introduced as the feed solution (FS) while a concentrated fertilizer is used
as the draw solution (DS). The process results in further extraction of water from the FS which
means a reduction in its volume. The final diluted DS can be used for fertilized irrigation or
“Fertigation”; an application that can fill a gap in a country like Egypt with the majority of its
water consumption is dedicated for agricultural use. In earlier studies, several fertilizer
solutions have been tested as potential DS’s to identify the best performing fertilizers with the
highest financial feasibility.
In this research, an FDFO process was tested, in both bench-scale and pilot-scale
investigations, for the volume reduction of a synthetic brine using a locally manufactured
industrial-grade ammonium sulphate (NH4)2SO4 fertilizer as DS and a commercial FO
membrane. This work investigated the performance of the tested fertilizer in terms of the
resulting water flux at the highest concentration possible of the DS with a fixed concentration
of the FS which simulated the brine generated by the RO desalination plants. The aim of the
investigation was to perform a techno-economic assessment of the feasibility of using the
FDFO process with ammonium sulphate fertilizer as DS to reduce the volume of the brine by
xi
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extracting water to dilute the DS for a less environmentally challenging management of the
brine. In addition to the advantage of reducing the volume of the brine, the resulting diluted
DS will be further mixed with the addition of fresh water from the RO plant permeate to reduce
its concentration of nutrients to the acceptable levels and produce fertilized water that can be
used for fertigation.
The bench-scale investigation showed that the process derived an average water flux of
8.09 l/h/m2 which resulted in a volume reduction, and hence a further concentration, of the
brine by around 12% using an industrial-grade ammonium sulphate fertilizer as DS which was
also diluted by the extracted water by almost 24%. While the pilot-scale investigation showed
lower flux, the volume reduction results were consistent with those obtained from the benchscale investigation. It was concluded that the achieved volume reduction of 12.7% using the
proposed process, which requires low energy levels and produces fertilized water for
fertigation, was found comparable, in terms of the overall economics of the process, to the
recovery rate from brine using an RO process reported in a recent study. Considering the
potential applications of the produced fertilized water, these results can be translated into an
economically viable solution for the volume reduction of the brine and the production of water
for fertigation compared to other reviewed approaches.

xii
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1. INTRODUCTION
1.1. Background

Figure 1.1. The UN's Sustainable Development Goals. Adapted from UNDP (2018)

“The seventeen Sustainable Development Goals (SDGs) are our shared vision of humanity
and a social contract between the world’s leaders and the people”. These were the words of the
UN’s Secretary General in New York in September 2015 during the Sustainable Development
Summit where the 2030 agenda for sustainable development was adopted unanimously by 193
Heads of States (Rosa, 2017). At the core of the announced 17 development goals, as illustrated
in Figure 1.1, the objectives related to the sustainability of water, energy and food are strongly
emphasized. Given the growing world economies, population, and rate of urbanization, the
demand for the three elements is always on the rise. When exploring solutions to particular
challenges, it is very important to consider the interrelationships between the different elements
of the nature. Food challenges, for example, are directly linked to the available water resources,
which are also linked to energy generation which, in turn, affects the environment and climate.
The economy can be seen as a common denominator across most of the elements while society
puts the human factor into context. Therefore, research directions which focus on sustainable
practices for the production of water can be seen as, directly or indirectly, addressing at least
ten out of the seventeen announced goals. Those expected outcomes add a special weight to
1
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such research and put emphasis on its importance due to the obvious potential gains that would
result in accelerating the global advancement into a sustainable future.
While water desalination has offered a solution to the water scarcity challenges in many
parts of the world, an adverse effect of the desalination processes is the disposal of the
generated brine which, if poorly managed, represents a serious environmental threat.
Desalination in its form of today can’t be categorized as a sustainable technology. The common
desalination stations do not fulfil its three pillars (social, economic and environment). For
example, as much as the water desalination technologies have contributed to solving water
challenges in many parts of the world, the highly concentrated reject, or brine, can severely
harm marine life when disposed of in the sea (Sánchez & Matos, 2018). This, in turn, damages
the eco system around the location and eventually introduces new challenges to the
environment and neighboring communities. Only to give an example on one aspect of these
potential damages, a research was conducted to investigate the contamination and the
accumulation of heavy metals in sand samples and sediments along the beach near to disposal
site of reject brine from Alkhobar desalination plant, one of the oldest and largest reverse
osmosis desalination plants in KSA (Alshahri, 2017). The results of that study showed elevated
levels of Copper (Cu), Chromium (Cr), Manganese (Mn), Zirconium (Zr), and Arsenic (As) in
samples of the nearby sand compared to the normal levels.
There is a wide range of brine management techniques, most of which have witnessed
continuous developments over the years, including direct disposal, direct reuse and volume
minimization which will be discussed in more details in the next chapter. This research,
however, focuses on investigating a process to maximize the overall water recovery from
seawater through further volume reduction of the brine so that the use of solar evaporation
ponds in a later stage becomes more efficient. This can be integrated within Zero Liquid
Discharge (ZLD) or Close-to-ZLD schemes and enhance the economics of the following
processes involving the extraction of minerals and salts while keeping space requirements at
minimum.
1.2. Research Motivation
Egypt’s annual water resources, according to a report issued by the Egyptian Ministry of
Water Resources and Irrigation (2014), are mainly 55.5 Bm3 from the Nile River, 6.5 Bm3 from
shallow groundwater, 2.0 Bm3 from non-renewable deep groundwater and 1.3 Bm3 from
2
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effective rainfall. Meanwhile, due to the growing food demand and the inefficient irrigation
systems in Egypt, agriculture’s share of the total water demand is between 80 to 85% (AbuZeid
et al., 2014), which makes it, by far, the main consumer of fresh water, largely exceeding water
consumption for both municipal and industrial uses. Since the share of conventional water
resources, mainly Nile River, cannot be expected to grow any further to cover the foreseen
growth in demand, attention had to be given to unconventional water sources to bridge the gap
between supply and demand. For a country like Egypt with its geographical location,
overlooking both The Mediterranean and The Red seas along extended coastal lines; seawater
desalination comes as a potential unconventional water source that can bridge the supplydemand gap.
Seawater desalination technologies have evolved over the years; from thermal technologies
representing around 60% of the installed capacity in the 2000s to more than 70% of the new
installations are membrane-based plants (Shrivastava & Stevens, 2018) leading to large
advancements on the cost and energy consumption levels. However, the brine disposal remains
to be one of the most significant limitations of those technologies. If the targets announced by
the GoE for water desalination plants, which should reach 1,675,000 m3/day by the year 2037
(Moawad, 2017), and considering an average recovery rate of 40% for RO plants in Egypt
according to an industry expert (Seddik, 2018), which also conforms with a recent study which
reported a global average of 42% for RO desalination plants (Jones, Qadir, van Vliet, Smakhtin,
& Kang, 2019); the expected volumes of generated brine is expected to be as high as 1,088,750
m3/day. While in the case of coastal desalination plants, disposal of brine in the sea is the most
common practice globally, the disposal in the case of inland takes place through either direct
brine discharge into the ground which normally leads to soil quality degradation, or through
solar evaporation using impermeable evaporation ponds. Also, management of the produced
brine sometimes take place through agricultural, aquacultural, and algacultural applications
which offer different approaches for the valorization of the brine (Sánchez & Matos, 2018).
This research was driven by the need to investigate an approach to contribute to solving the
water scarcity challenge in Egypt while keeping the environmental impacts at minimum. It
proposes a method for the volume reduction of the generated brine through further water
extraction for food production using a fertilizer drawn forward osmosis (FDFO) process. By
reducing the volume of the generated brine, the resulting concentrated brine can be channeled
to evaporation ponds where the extraction of minerals and salts can be achieved at a lower cost.
3
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This approach can be seen in the context of a ZLD strategy with the aim to reduce the
environmental impacts of the existing water desalination processes. By doing so, it addresses
one of the main limitations of desalination so that it can be widely adopted and practiced. Since
energy is one of the key ingredients in the desalination processes, the investigated approach
was built around the forward osmosis technology so that the additional energy requirements of
the process are maintained relatively low.
1.3. Research Objective
The main objectives of this research are as follows:
a) To analyze and compare the performance of two different grades of ammonium
sulphate fertilizer in terms of water flux in an FDFO process on both a bench-scale
and a pilot-scale levels.
b) To quantify the maximum possible volume reduction of the brine using the
investigated fertilizer in a pilot-scale FDFO process and to assess the required
dilution of the DS to normalize nutrients’ levels.
c) To develop a mass balance model based on the results obtained from the pilotscale stage to investigate the economics of using the tested commercial-grade
fertilizer in an FDFO desalination process for the volume reduction of the RO
desalination brine.
1.4. Structure of the Research
In order to provide an overview of the research motivation, the following chapter, Chapter
2, will focus on different water desalination technologies with a special emphasis on their
advantages and disadvantages while providing more details on forward osmosis process. Then,
the structure is adopted to illustrate the set of experiments which have been carried out on two
stages; a bench-scale stage and a pilot-scale stage. For this particular structure, each of the two
stages of this investigation has been discussed in details in two separate chapters; Chapter 3
and Chapter 4, a separate chapter for each stage. This structure was followed due to the fact
that each stage was carried out using a different set of equipment and materials and following
different experimental methods so that each stage represented an almost standalone
investigation. While the results and discussions related each set of experiments of each stage

4
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were included in their respective chapters, Chapter 5 covered the conclusions, limitations and
recommendations related to the overall investigation including both stages.
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2. LITERATURE REVIEW
2.1. Water Desalination Technologies
Oceans and seas are the world’s largest water reservoirs as they represent over 97 % of
planet Earth’s reserve of water and cover almost 71% of the earth's surface (Talley, Pickard,
Emery, & Swift, 2011). However, almost all human consumption comes from the very limited
volume of fresh water sources like rivers, groundwater aquifers and lakes. This is simply due
to the fact that seawater is of a very high salinity which makes it inconsumable by humans.
Also, the significantly high costs associated with seawater desalination make it rather
unattractive alternative.
Desalination has always been one of the most widely used techniques to secure water in
water-scarce countries either for drinking or irrigation. According to the data of the
International Desalination Association (IDA, 2018), the global cumulative production capacity
from water desalination plants around the world has been growing rapidly and reached, by mid2016, a total of 88.6 million m3/day (Figure 2.1).
Currently, the share of seawater in overall production of desalination technologies is 58%,
while brackish water and wastewater account for 22% and 5% respectively (Lattemann &
Höpner, 2008).

Figure 2.1. Global cumulative water desalination capacity (IDA, 2018)

Although water desalination extends to include different technologies as illustrated in
(Figure 2.2) (Youssef, AL-Dadah, & Mahmoud, 2014) ranging from thermal, membrane,
6
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chemical and adsorption methods, they are highly dominated by two main types; thermal and
membrane techniques which represent the vast majority of the existing global capacity.

Figure 2.2. Desalination Technologies. Adapted from Youssef, AL-Dadah, & Mahmoud (2014)

These technologies are (MSF) Multi-Stage Flash distillation, (MED) Multiple-Effect
Distillation,

(MVC)

Mechanical Vapor

Compression,

(HDH)

Humidification

Dehumidification, (SD) Solar Distillation, (Frz) Freezing, (RO) Reverse Osmosis, (FO)
Forward Osmosis, (ED) Electro-Dialysis, (NF) Nanofiltration, (I.Ex) Ion-Exchange
desalination, (G.Hyd) Gas Hydrate, (LLE) Liquid–Liquid Extraction, and (Ads) Adsorption
(Youssef et al., 2014). However, both I.Ex and Frz are not used for large-scale desalination
processes, according to Zarzo & Prats (2018).
According to (The World Bank, 2017b), there is a growing global trend towards the
adoption of membrane technologies when it comes to newly contracted projects. Estimates
show that by 2020, membrane desalination will represent 96% of total global contracted
capacity (Figure 2.3).
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1
-

Thermal
Membrane

2013

2014

2015

2016

2017

2018

2019

2020

799,356

27,460

194,996

498,938

213,339

287,648

264,565

241,715

2,313,190

1,694,560

1,585,982

2,077,714

1,903,344

3,434,439

3,583,692

3,917,107

Figure 2.3. Global Contracted Desalination Capacities (2013-2020). Adapted from The World Bank (2017b)

Of all the thermal and membrane methods, existing desalination plants are highly
dominated by Reverse Osmosis (RO) technology with a total share in the global installed
capacity of 65% (Zarzo & Prats, 2018) leaving only one third of the global capacity to all
remaining technologies. The selection of a particular technology is based on a number of
considerations such as (Burn et al., 2015):
a) Quality of the available feed water and also of the required product water
b) Energy requirements as compared to available energy supply
c) The value placed upon the product water according to the planned usage
Aside from potable water, water can be categorized according to its salinity level into
brackish and seawater. While the total dissolved solids (TDS) of potable water normally does
not exceed 1,000 parts per million (ppm), TDS of brackish water is usually in the range of
1,000 to 25,000 ppm, and that of seawater is around 35,000 ppm (Youssef et al., 2014). Figure
2.4 shows how different desalination technologies are typically used for specific salinity levels

of feed water and are normally expected to produce water at the given TDS. Both MSF and
Ads desalination technologies proved to be able to handle feed water with the highest salinity
and produce water with the lowest salinity (Youssef et al., 2014).
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Figure 2.4. Typical salinity levels of both feed & product water for different desalination technologies. Adapted from Youssef
et al. (2014)

Energy cost represents a main contributor to the total cost of desalination along with operation and
maintenance and capital investments as the other main contributors. The share of energy cost in total
desalination cost is around 50%, as reported by (Al-Karaghouli & Kazmerski, 2013) but it varies based
on the used desalination technology. While only electrical energy is required for the membrane-based
desalination processes, two forms of energy are required for the thermal processes: thermal energy,
which is usually supplied from fossil fuels, and electrical energy to drive the system’s pumps and other
components. There is theoretical minimum amount of energy, calculated using van’t Hoff formula, that
is required for the separation process independent of the particular used technology. This minimum
energy is calculated as 0.77 kWh/m3 according to (Al-Karaghouli & Kazmerski, 2013) for a salinity of
33,000 ppm at 25 ℃ or 0.9 kWh/m3 for a salinity of 35,000 ppm at 25 ℃ according to Zarzo & Prats
(2018).
However, the actual energy requirements for all desalination processes are well above the
theoretical level and range from 5 to 26 times higher than its value (Al-Karaghouli & Kazmerski, 2013)
but generally, membrane-based desalination technologies require less amount of energy

compared to thermal-based technologies. Accordingly, the former is usually preferred when
energy consumption is of high importance (Shrivastava & Stevens, 2018).
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From the energy requirements and environmental impact perspectives, and according to
Youssef et al. (2014), SD, I.Ex, G.Hyd and Ads technologies consume the least amount of
energy (less than 2kWhr/m3) (Figure 2.5), and produce the least amount of CO2 emissions
(below 0.7 kg/m3) (Figure 2.6) as compared to other technologies.
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Figure 2.5. Energy requirements for different desalination technologies. Adapted from Youssef et al. (2014)

35
29.1

30

CO2 (kg/m3)

25
20
15
10

6.9

5.5

5
0.6

0

Ads.

SD

0

MSF

MED

3.8

RO

5.1
2.8

LLE

5.5

2.3

0.7

FO

MCV

Frz

HDH G. Hyd

2.5
0.5

ED

I. Ex

2.1

NF

Figure 2.6. Released CO2 for different desalination technologies measured in kg/m3. Adapted from Youssef et al. (2014)

10

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

Meanwhile, Ads, Frz and LLE have the lowest running cost (below 0.5$/m3) among all
other listed technologies (Figure 2.7) while HDH and SD are, by far, the technologies with
highest production costs (The World Bank, 2017b).

Cost of Produced Water ($/m3)

4.5

3.93

3.9

4
3.5
3
2.5
2
1.5
1

0.96

0.5

0.86

0.92

0.8

0.75
0.4

0.2

0.34

0.63

0.83

1.05

1.12

I. Ex

NF

0
MSF

Ads.

SD

MED

RO

LLE

FO

MCV

Frz

HDH G. Hyd

ED

Figure 2.7. Potable water production cost for different desalination technologies. Adapted from Youssef et al. (2014)

According to the records of Web of Science on the number of journal articles published on
either membrane (Figure 2.8) or thermal desalination technologies (Figure 2.9), show how the
latter is attracting more interest from researchers globally which reflects the growing trend of
conducting research on membrane desalination technologies.
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Figure 2.8. Number of published journal articles on "Membrane Water Desalination". Source: Web of Science

Figure 2.9. Number of published journal articles on "Thermal Water Desalination". Source: Web of Science
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2.2. Water Desalination in Egypt
As a result of Egypt’s growing population, the limited supply of fresh water in light of the
current uncertainty regarding the future arrangement between Nile basin countries which is
expected to affect Egypt’s share of water, along with the high availability of seawater, attention
has been given lately to water desalination as an alternative source of water. The Government
of Egypt has been working on increasing the share of water desalination in the country’s total
water resources through introducing new desalination plants and encouraging the private sector
to invest in similar projects (Moawad, 2017). Since the current cost of desalination is relatively
high compared to Nile water, most of the desalination plants are located at a close proximity to
touristic areas in the Red Sea and Sinai. In addition to the listed plants, 300,000 m 3/day were
added to the national capacity after two new RO desalination plants in Al-Galala and AlAlamein cities, 150,000 m3/day each, were commissioned by the end of 2018, according to
Reda (2018) and Sayed (2018). A list of the existing desalination plants in Egypt is presented
in Table 2.1 while Figure 2.10 shows the geographical distribution of all plants, according to
Shawky (2016).
Table 2.1. Existing capacities of desalination plants in Egypt. Adapted from Shawky (2016)
Location

Plant Name

Red Sea

Safaga
Al-Qussair
Marsa Alam
Hamata
Marsa Humaira
Shalateen
Abu Ramad
Al Yussr
Halayeb 1
Al-Remaila 1
Al-Remaila 2
Cleopatra
Al Nijila
Barrani
El Salloum
Al-Remaila 1
Al-Remaila 2
Cleopatra
Al Nijila
Barrani
El Salloum
Al-Remaila 1
Al-Remaila 2
Cleopatra

Matrouh

Sinai

Capacity (m3/day)
6,000
7,500
2,100
200
100
3,500
600
80,000
600
24,000
24,000
4,500
1,000
5,500
3,500
5,000
25,000
8,000
5,000
5,000
10,000
10,000
10,000
2,000
243,100

Total
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Figure 2.10. Locations and existing capacities of desalination plants in Egypt (Shawky, 2016)

Based on the information provided by the Egyptian Holding Company for Water and
Wastewater, the GoE has set targets to increase the country’s desalination capacity till 2037.
Figure 2.11 shows the cumulative planned additions of water desalination plants which should
cross the 1 million m3/day threshold and reach 1.2 million m3/day by 2022. It can be observed
that the plan has been set so that the steep slope which started in 2017 due to the ambitious
targets tends to slow down after year 2032. There is no clear rationale behind this flattening
curve but one explanation can be that the targets have been set so that they would conform with
the “Critical Scenario” which has been developed by the Ministry of Water Resources and
Irrigation (Table 2.2). According to that scenario, the expected change in desalination capacity
by the year 2050 is 770 million m3/year, or around 2.1 million m3/day; a reasonably set target
compared to that assigned to year 2037 (1.7 million m3/day).
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Figure 2.11. Development of Egypt’s desalination capacity. Adapted from Moawad (2017)
Table 2.2 Egypt's water supply and demand potential scenarios (2013–2050). Adapted from Abdelkader et al. (2018)
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2.3. Forward Osmosis
Osmosis is a natural phenomenon driven by the difference in the concentration of two
solutes separated by a semipermeable membrane which allows water to transfer from the low
concentration side to the high concentration side and does not allow the large particles of salt
to pass (McCutcheon, McGinnis, & Elimelech, 2005). In order to prevent the transport of water
from the low concentration side to the high concentration side, an amount of external pressure
(ΔP) is necessary to be applied on the highly concentrated solution side to balance the natural
difference in osmotic pressure between the two solutions (Δπ) (Cath, Childress, & Elimelech,
2006) (Figure 2.12).

Figure 2.12. Basic operation of Forward osmosis (FO) and reverse osmosis (RO). Adapted from Cath et al. (2006)

If that external pressure was increased to become higher than the osmotic pressure
differential, the direction of water transfer is reversed in a process called Reverse Osmosis
(RO) desalination. Both Reverse Osmosis (RO) and Forward Osmosis (FO) desalination
technologies share the same basic principle of operation which results in the transport of water
across the semipermeable membrane. However, the RO process requires a significantly higher
amount of energy due to the external pressure that needs to be applied in order to reverse the
direction of the flow of water. The transfer of water, or water flux, can be calculated using the
following equation:
Jw = A (σΔπ −ΔP)
where (Jw) is the water flux, (A) is the water permeability constant of the membrane, (σ) is the
reflection coefficient, (Δπ) is the osmotic pressure differential across the two solutions, and
(ΔP) is the external applied pressure (Nasr & Sewilam, 2016b). The osmotic pressure
deferential (Δπ) can be calculated as:
Δπ = πF − πP
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where πF is the osmotic pressure on the FS and the πP is the osmotic pressure of the permeate
(Sahebi, Phuntsho, Eun Kim, Hong, & Kyong Shon, 2015). According to (Sahebi et al., 2015),
the osmotic process can be classified into four different types based on the magnitude of the
external pressure applied either on the FS side or the DS side (Figure 2.13).

Figure 2.13. Relationship between the applied pressure and the direction of water flux. Adapted from Sahebi et al. (2015)

 Forward osmosis (FO): ΔP=0, driving force = πD - (πF - πP)
 Reverse osmosis (RO): ΔP>Δπ, driving force = ΔP - (πF - πP)
 Pressure retarded osmosis (PRO): ΔP<Δπ, driving force = πD - (πF - πP) - ΔP
 Pressure assisted osmosis (PAO): ΔP<0, driving force = ΔP - (πF - πP - πD)
where πD is the osmotic pressure of the DS
Since FO is driven by the natural osmotic pressure differential between the FS and the
DS, it offered an energy-efficient approach to extract water from high salinity solutions at much
lower energy compared to RO. (McCutcheon et al., 2005; Su, Zhang, Ling, & Chung, 2012).
Another important advantage of the FO technology is what it offers in terms of the high
rejection of a wide range of solutes and suspended solids while maintaining a very low
hydraulic pressures requirements and ambient temperature, causing less and reversible fouling
on the membrane (Phuntsho, Shon, Hong, Lee, & Vigneswaran, 2011); an advantage that
practically translates into a substantial reduction in running costs (Nasr & Sewilam, 2016b;
Coday et al., 2014; Chung, Zhang, Wang, Su, & Ling, 2012; Nasr & Sewilam, 2015). However,
the FO process also has its limitations including the inability of the DS to continue its “draw”
action after it has been diluted to a particular limit when it reaches the “osmotic equilibrium”,
a point where the osmotic potential of the DS becomes equal to that of the FS and cannot be
diluted any further (Nasr & Sewilam, 2016b).
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The FO technology has been successfully applied in different domains extending
from the treatment of landfill leachate, treatment of the centrate produced by anaerobic
digesters, treatment of domestic wastewater and osmotic membrane bioreactors, to the
concentration of various food and beverage items (Coday et al., 2014). It has been used in
different applications both for water desalination and water reuse purposes where different
specific applications can be listed under each of these two main purposes (Nasr & Sewilam,
2015a) as illustrated in Figure 2.14.

Figure 2.14 Main applications of FO technology. Adapted from Nasr & Sewilam (2015a)

For the water desalination using FO for the production of potable water, two main steps
were required to have the process concluded; the osmotic desalination and the water separation
from the diluted DS. This meant that for the selection of an appropriate DS for this particular
application, the possibility of separating the fresh water from the diluted DS in the second step
easily with the minimum traces of the DS in the final product water should be taken into
consideration. Therefore, a multitude of studies have been focusing on the post-separation
process of the diluted DS and the regeneration of the original DS. According to Nasr &
Sewilam (2015a), the most famous draw solution used for this particular application is
ammonium bicarbonate (CO2–NH3) which has been found to generate an osmotic pressure of
238 bar, high enough to produce an adequate water flux using an FO process.
As for the desalination of brackish water, it was reported by Zhao, Zou, & Mulcahy
(2012) that when a hybrid FO–NF system was tested using Na2SO4 as DS for brackish water
desalination and comparing the results with a stand-alone RO process, the FO-NF process
showed that it has a great potential for brackish water desalination due to its many advantages
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over the stand-alone RO process. This included lower hydraulic pressure requirements, less
impact of membrane fouling on flux and higher possibility of recovering original flux after
membrane’s cleaning.
It was also suggested by Altaee & Hilal, (2015) that using an NF–FO–BWRO system
can result in an increase in the overall recovery rate of brackish water to more than 90% and to
produce final product water that is suitable for both human consumption as well as irrigation.
While that NF stage provided 75% of the product water, the FO-BWRO stages provided an
additional 15% recovery rate. As far as the energy consumption is concerned, and while the
NF and FO stages consumed only 20% of the total energy, 80% was consumed by the following
BWRO process. The concluded that the proposed NF–FO–BWRO arrangement generally
offered a flexible design and provided a quality of water as well as a water recovery rate that
can be controlled through changing the recovery rates of membranes and/or the concentration
of the DS.
FO was also used efficiently in wastewater treatment for the production of water of
higher quality. One of the most favorable applications of FO in the treatment of wastewater is
called osmotic membrane bioreactor (OSMBR) in which an FO membrane module is immersed
inside a bioreactor to achieve higher rejection of pollutants at a relatively low hydraulic
pressure compared to a conventional membrane bioreactor (MBR) system (Nasr & Sewilam,
2015a). Since most of the wastewater treatment plants are capable of managing contaminants
like dissolved metals, organic matter and organic/non-organic nitrogen but are not equipped to
reduce the TDS of their feed wastewater, another common application of FO in the same
direction is for the treatment of landfill leachate. According to Coday et al. (2014), the results
of full scale FO/RO landfill leachate treatment system successfully treated 18,500 m3 over a
period of almost 1 year with an overall water recovery rate higher than 91% and salinity of the
permeate of less than 100 ppm.
On the industrial level, FO technology has been used in different applications but the
most common of which are food industry, pharmaceutical industry, textile industry, oil and gas
well fracturing and even wastewater of nuclear power plants (Nasr & Sewilam, 2015a;
Lutchmiah, Verliefde, Roest, Rietveld, & Cornelissen, 2014). In food industry, the
concentration of liquid food items is a highly sensitive matter. Traditional concentration
methods, including heating, RO and vacuum evaporation, can negatively affect food quality,
nutrients’ levels, taste or color. In 1966, FO technology was first used for the concentration of
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grape juice using concentrated NaCl solution as DS which produced a water flux of 2.5 l/h/m2
(Coday et al., 2014). Lately, the fuel consumed for the evaporation of water for the production
of tomato sauce from tomato juice was reduced by 85% when FO was used for the extraction
of water, according to Nasr & Sewilam (2015a).
As large quantities of wastewater are normally produced during oil and gas exploration
and production processes, FO technology comes in as a practical solution to reduce the waste
volume and transportation cost while providing a supply of reusable water on site. (Coday et
al., 2014), reported a water recovery rate from oil and gas wastewater greater than 70% using
a spiral wound FO membrane in an earlier pilot test. However, better results were achieved in
a later pilot test where water recovery reached 85% of oil and gas drilling wastewater (3,500
mg/l) which resulted in significant concentration of wastewater by five times (16,000 mg/l)
while producing highly purified water (Coday et al., 2014).
2.4. Fertilizer Drawn Forward Osmosis (FDFO)
As explained earlier in this chapter, in a typical FO process two solutions, FS and DS, are
kept in contact with a separating membrane through a countercurrent flow system leading to
the transfer of water from the feed side to the draw side. Since in all FO applications the initially
concentrated DS becomes diluted with the fresh water extracted from the feed side, further
processing is required to separate the water and recover the DS in its original concentration
level. In some applications, this further processing can be avoided if the produced diluted DS
could be used directly. One of these applications is in agriculture where FO technology has
been used for water extraction for irrigation in a process called Fertilizer Drawn Forward
Osmosis (FDFO) as illustrated in Figure 2.15.
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Figure 2.15. The typical FDFO process. Adapted from Nasr & Sewilam (2016b)

In an FDFO process, a concentrated fertilizer solution is used to function as the DS and
cause the water to transfer from a high salinity feed solution through a semipermeable
membrane. Throughout the process, a countercurrent flow of both solutions has to be
maintained while keeping them always in contact with the membrane (Nasr & Sewilam,
2016b). Since no further processing is required, the diluted draw solution (DS) in an FDFO
process could be used directly for fertilized irrigation, or “fertigation”. According to (Kafkafi
& Tarchitzky, 2011), fertigation provides the opportunity to supply the crops directly with the
required nutrients through the irrigation water rather than in a separate process, which can result
in an increase in the crop yield while maintaining low consumption levels of fertilizers.
One drawback of using a single type of fertilizers in an FDFO process was the resulting
relatively high nutrients content in terms of nitrogen, phosphorous and potassium (NPK)
concentrations in the diluted DS. Such high concentrations in the product water have to be
reduced to make the fertilized water ready for direct fertigation and to avoid over fertilization
of the plants. In order to optimize the nutrients levels, it was argued by (Phuntsho, Shon, Hong,
et al., 2012) that the possible solutions include the use of blended fertilizers, use of hybrid FO
systems or pre-treatment or post-treatment of feed water. The use of a mix of different
fertilizers, or blended fertilizers, as the DS to reach reduced levels of NPK concentrations has
been investigated in an earlier research (Phuntsho, 2012) and showed that, although this
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approach was successful in optimizing nutrients levels in the final diluted DS, it also caused
the bulk osmotic pressure of the DS to slightly drop which resulted in a reduced water flux
compared to the sum of the fluxes that would have been generated by the individual fertilizers
if used separately. A study was conducted by (Kim et al., 2017), to evaluate and compare the
performance of four different reagent-grade chemical fertilizers in two different processes; a
standalone FDFO process and a hybrid RO-FDFO process as illustrated in Figure 2.16.

Figure 2.16. Conceptual process layout for integrating RO-FDFO hybrid process. Adapted from Kim et al. (2017)

The membrane used in that study was provided by “Toray Chemical, Korea”. The hybrid
RO-FDFO process was tested in order to optimize the nutrient concentrations in the final FDFO
diluted DS in terms of major nutrients (N/P/K). Results shown in Table 2.3 indicated that,
overall, the hybrid process resulted in more reduced nutrient concentrations compared to the
standalone FDFO process which makes the final product water more suitable for irrigation.
Table 2.3. Comparison of the performances of four fertilizers in an FDFO and a hybrid RO-FDFO processes. Adapted from
Kim et al. (2017)

Fertilizers

Calcium
Nitrate

Di-Ammonium
Phosphate

Nutrients

N (mg/l)

N (mg/l)

P (mg/l)

N (mg/l)

N (mg/l)

K (mg/l)

FDFO

268.4

201.19

222.45

230.63

114.76

320.33

Hybrid RO-FDFO

199.25

186.55

206.26

194.31

93.98

262.34
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As different crops require different (N/P/K) concentrations for their optimal growth,
the nutrients levels in the final DS should be compared against the recommended
concentrations for the target plant types. For example, Table 2.4 shows the recommended
concentrations (N/P/K) for three selected plants; tomato, eggplant and cucumber (Phuntsho,
Shon, Majeed, et al., 2012). Comparing the figures in Table 2.3 and Table 2.4, further dilution
of the final DS as produced by the FDFO process should be required to bring the concentrations
closer to the recommended values for those particular plants.
Table 2.4. Comparative recommended N/P/K nutrient concentrations for three selected plants. Adapted from Phuntsho,
Shon, Majeed, et al. (2012)

Plant
Tomato

Recommended Concentrations
(N/P/K mg/l)
200/50/300

Eggplant

170/60/200

Cucumber

200/50/200

2.5. Types of Fertilizers in Egypt
Most of the fertilizers that are commonly used in the Egyptian market are classified as
inorganic fertilizers (Nasr, 2016) and are categorized into nitrogen, phosphate and potassium
fertilizers. According to (FAO, 2005a), the most common types of each category of local
fertilizers can be summarized as shown in Figure 2.17 with the percentage of the main element
they contain indicated next to each fertilizer.

Nitrogen

• Urea
• Ammonium Nitrate
• Ammonium Sulphate
• Calcium Nitrate

(46.5% N)
(33.5% N)
(20.6% N)
(15.5% N)

Phosphate

• Single Superphosphate
• Concentrated superphosphate

(15 % P2O5)
(37 % P2O5)

Potassium

• Potassium Sulphate
• Potassium Chloride

(48 -50% K2O)
(50 -60% K2O)

Figure 2.17. Most common fertilizer types in the Egyptian market. Adapted from FAO (2005)
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Egypt’s production of fertilizers covers its consumption, according to a report issued by the
Federation of Egyptian Industries (El-Gabaly, 2015), with a consumption that is highly
dominated by nitrogen and phosphate fertilizers which add up to a total of around 14.3 million
tons annually. The major manufacturers of nitrogen fertilizers in Egypt are listed in Table 2.5.
Table 2.5. Main producers of fertilizers in Egypt. Adapted from El-Gabaly (2015)
Company Name
1

Societe El-Nasr d’ Engrais et d’ Industries Chimique (Semadco).

2

Abu Qir Fertilizers and Chemical Industries Company.

3

Abu-Zaabal Fertilizer and Chemical Company.

4

Societe Financiere et Industrielle d’ Egypte.

5

El-Nasr Company for Manufacturing Coke and Chemicals.

6

Alexandria Fertilizers Co.

7

Helwan Fertilizers Co.

8

The Egyptian Fertilizers Co.

9

MOPCO Co. for Fertilizers.

10

Delta Co. for Fertilizers.

11

El-Nasr Company for Intermediate Chemicals (Fayyum).

12

Aswan Fertilizers Co.

According to Nasr & Sewilam (2016), since some industries (e.g. steel and polyester
compounds) normally produce ammonia or sulfuric acid as by-products which are commonly
converted to ammonium sulphate for use in agriculture, ammonium sulphate has an advantage
over other types of fertilizers for that it is not affected by the changes in the costs of natural
gas.
Another advantage of ammonium sulphate is its price. According to information obtained
from an interview with an industry expert (El Beshbishy, 2018), current price of the industrialgrade ammonium sulpahte in the local market is (EGP 3,600 per ton) compared to (EGP 5,500
per ton) for ammonium nitrate and (EGP 5,700 per ton) for Urea. However, prices of both
ammonium nitrate and urea are expected to reach EGP 6,000 per ton in the near future.
Although, the price of ammonium sulpahte is not the lowest considering its nitrogen content
compared to the other two fertilizers, it is the most available in the local market with also the
most stable price. Also, ammonium sulpahte has the advantage over the other nitrogen based
fertilizers for it provides the plants with both nitrogen and sulphur simultaneously which results
in an optimized growth rates and crop yields (Nasr, 2016).
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As far as the osmotic pressure is concerned, ammonium sulpahte, and up to a concentration
of 8 Moles, has the second highest osmotic pressure compared to the other nitrogen based
fertilizers. It reaches a maximum of around 280 atm, an osmotic pressure that is about ten folds
that of the seawater (28 atm) (Nasr, 2016). Although Urea has the highest nitrogen content, its
osmotic pressure is the lowest of all four fertilizers at all concentration levels up to 10 moles
(Figure 2.18).

Figure 2.18. Osmotic pressure of four nitrogen based fertilizers at various concentrations (Nasr, 2016)

Also, according to Nasr (2016), ammonium sulphate is highly soluble in water, nonflammable and less hazardous than other fertilizers and it is also expected to perform well in
terms of Reverse Solute Flux (RSF). While calcium nitrate and ammonium nitrate are
hygroscopic (tend to absorb moisture from the air), and must be kept under air-tight storage
conditions, ammonium sulphate is not hygroscopic, thus it is possible to transport and store it
for long periods in normal conditions. The moderate nitrogen concentration level in ammonium
sulphate also makes it more favorable compared to other fertilizers since this would mean it
will require less amount of dilution to make it suitable for irrigation. Based on these advantages
of ammonium sulphate, including its price stability, low cost as well as its high availability in
the local market, ammonium sulphate has been identified as the draw solution with the highest
potential for FDFO application in Egypt. Therefore, this research will be focused on
investigating the performance of ammonium sulphate which is commercially produced by one
of the largest producers of nitrogen fertilizers in Egypt; Alexandria Fertilizers Co.
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2.6. Brine Management
It has been shown that the production of potable water from both brackish and seawater
using membrane desalination technologies such as NF and RO is becoming more common. It
was suggested by Pérez-González, Urtiaga, Ibáñez, & Ortiz (2012) that most of the RO plants
worldwide operate with water recovery rates (RR) ranging from 35% to 85% which results in
an average percentage of brine generation of about 55% of the feed water. Meanwhile, (Jones
et al., 2019) estimated the average RR of the RO plants to be 42% in the case of seawater
desalination (Table 2.6), which is conforming with to the reported average in Egypt, according
to an industry expert (Seddik, 2018), who claimed an average RR for RO plants in Egypt of
around 40%.
Table 2.6 Typical recovery rates (RR) of different feed water types across different desalination technologies. Adapted
from Jones et al. (2019)
Feed water type
Seawater (SW)
Brackish (BW)
Brine (BR)
Wastewater (WW)

Desalination Technology
RO
0.42
0.65
0.19
0.65

MSF
0.22
0.33
0.09
0.33

MED
0.25
0.34
0.12
0.34

NF
0.69
0.83
0.83

ED
0.86
0.9
0.85
0.9

Other
0.4
0.6
0.4
0.6

However, despite the difference in the estimates of average RR, large volumes of brine
of hyper-salinity are being fed back into the marine environment and this has introduced a
growing environmental challenge. The characteristics of the generated brine depend on a
number of factors including the quality of the feed water, the quality of the product water,
recovery rate, types and amounts of any chemicals added during any pretreatment stages, and
the procedure which are normally followed for cleaning (Pérez-González et al., 2012). The
typical chemical composition of RO concentrate samples was reported as shown in Table 2.7.
High temperature brines, and higher air pollutions are normally associated with thermal
desalination processes which are being practiced heavily in the Gulf region. In countries like
Egypt where fossil fuels are not as abundant, membrane desalination is the dominant process
which, on one hand, has less impacts on the temperature and air pollution levels but, on the
other hand, produces brines of higher salt levels (Roberts, Johnston, & Knott, 2010).
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Table 2.7 Characteristics of RO brine. Adapted from Pérez-González et al. (2012)
Parameter

Value

TDS (mg/l)

50,200

Na+, (mg/l)

15,500

Mg2+, (mg/l)

2,020

Ca2+, (mg/l)

625

-

Cl , (mg/l)

28,800

-

SO4 2, (mg/l)

3,060

HCO-3, (mg/l)

199

Since the highest priority is usually given to securing the necessary water production,
little attention is usually given to the associated marine environmental issues which are usually
considered of less importance. The physicochemical and environmental impacts of brine
disposal, as discussed by Roberts et al. (2010), revolved mainly around the significant increase
in salinity, temperature and contaminants and cost levels. However, the thermal effect of
desalination plants can be significant in the case of thermal desalination while that effect in the
RO desalination is minimal.
As far as the salinity level is concerned, desalination plants can have variable impacts
on the salinity of the water bodies which may extend to cover ranges from tens of meters to
several kilometers from desalination plant outfalls (Roberts et al., 2010). Since brine has a
higher density compared to normal seawater, the high salinity water usually covers larger areas
along the seafloor than at the surface causing substantial effects on seagrass survival which can
occur following increases of only 1,000-2,000 ppm in salinity.
Also, since the brine has been in contact with the metal parts of the desalination facility,
the discharge of brine into water bodies is likely to cause large amounts of toxic metals to be
released into the water as well according to Alshahri (2017). The connection between
desalination plants and the increase in the level of contaminants and metals in the receiving
water surrounding the outfalls has been established in the study by Roberts et al. (2010),
showing how the extensive production of desalinated water in the Arabian Gulf Region, for
example, results in huge volumes of brine which causes an increase in the concentration of
contaminants, including chlorine, copper and anti-scalants in the Gulf. Alshahri (2017) claimed
that serious health threats to marine life might result from the contamination with toxic metals
including damage of nervous systems, reduced growth rates and the possibility of developing
cancer.
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The cost of brine disposal into the sea in the case of seawater desalination plants is
estimated to be between 5% and 33% of the total cost of desalination, according to PérezGonzález et al. (2012), and it is even higher in the case of inland desalination plants. This wide
range of cost estimate is due to its dependence on several factors including the characteristics
and volume of the brine, method followed in pretreatment and disposal method. According to
El-Maraghy (2018), and based on a reference case of a EGP22 million, 50,000 m3/day
desalination plant in Ras Shokeir on the coast of the Red Sea in Egypt, cost of brine outfall was
1.6 million EGP which represented 7.3% of the total CAPEX of the plant.
Different brine management techniques have been investigated in several studies in
order to reduce the environmental impact of the brine disposal. Youssef et al. (2014) showed
that one of the most common conventional approaches to increase the overall RR of an RO
plant is through a two-stage RO desalination system in which a secondary RO system is used
to further reduce the volume of the brine generated by the primary RO system as illustrated in
Figure 2.19 .

Figure 2.19 Typical flow diagram of brine conversion two-stage RO seawater desalination system. Adapted from Youssef et al.
(2014)

It was suggested by Heijman, Guo, Li, van Dijk, & Wessels (2009) that one of the most
viable approaches for reducing the concentrate problem is through zero liquid discharge (ZLD).
The ZLD approach is basically to achieve the maximum water recovery rates (RR), through
multiple stages of treatment in order to eliminate liquid discharge and reach the transformation
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of the brine into desalinated water and dry salts at the end. It is built on maximizing the
membranes’ recovery rates, without increasing the costs of water produced.
Heijman et al. (2009) and Mohammadesmaeili, Badr, Abbaszadegan, & Fox (2010)
suggested that one approach to achieve high RR’s in an NF/RO process, is by removing the
scaling parameters such as calcium, magnesium, barium and silicate from feed water in a pretreatment stage such as a lime and soda ash treatment. Although this should result in an increase
in the generated water flux but the costs of chemicals and sludge removal will be significant.
In the review conducted by (Pérez-González et al., 2012), a comparison between the different
technical alternatives used for the treatment of desalination RO brine was summarized in Table
2.8.

Table 2.8. Treatment technologies applied to RO desalination brine. Adapted from Pérez-González et al. (2012)
Technology

Maturity

Solar evaporation
(Evaporation ponds)

Industrial application

WAIV (wind aided
intensified evaporation)

Pilot plant scale

Membrane distillation

Laboratory level

Forward osmosis

Laboratory level

Liquid-liquid extraction

Laboratory level

Electro dialysis

Pilot plant scale

Crystallization

Laboratory level

Limitations and Considerations
Large land areas
Low productivity
Moderate investment and maintenance cost
Industrial feasibility not proved
Moderate investment cost
Difficult operational control
Scaling and fouling
Moderate energy consumption
Use of drawn solution
Moderate energy consumption
Several treatment stages
Extractants consumption
Maintaining energy efficiency with high saline concentrates
Precipitation on the membrane
High capital and operation cost
Strict operational conditions

Solar evaporation has been a common practice for the disposal of desalination brine and it
has been largely used for inland desalination especially in regions with high solar radiation.
The technique is relatively simple and requires moderate investment and maintenance cost
since it only requires an extended and exposed area of land in which the brine is placed in
shallow ponds allowing its water content to evaporate naturally. In order to maximize the
evaporation rate of the water, the optimal depth of a solar pond is usually between 25 cm and
45 cm (Pérez-González et al., 2012). According to Mohammadesmaeili et al. (2010), solar
evaporation may be a practical alternative for brine disposal specially in hot and dry regions.
However, the additional costs associated with the installation of impenetrable linings and the
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monitoring wells according to regulations will make this option less economically viable unless
the volumes of the concentrates are relatively small.
Main disadvantage of using solar evaporation ponds including the fact that they require
large areas of land and, since the process follows the natural rate of evaporation, the time
required to evaporate large quantities of brine is significantly long; (Pérez-González et al.,
2012) reported an average daily evaporation rate can be as low as 4 liters/m2/day. Other
disadvantage of evaporation ponds are the fact that they do not capture the evaporated water
and the risk associated with potential contamination of the ground water in the case of possible
seepage of the brine into the ground during the time it take to fully evaporate (Pérez-González
et al., 2012).
In an attempt to accelerate the evaporation process and overcome the large area
requirements, the WAIV (Wind Aided Intensified eVaporation) technique has been developed.
The WAIV technique reduces space requirements compared to traditional evaporation ponds
since it uses vertical wetted towers which utilize wind power to evaporate densely-packed
surfaces (Giwa, Dufour, Al Marzooqi, Al Kaabi, & Hasan, 2017). Pérez-González et al. (2012)
claimed that this technique was useful to improve the evaporation rates by 50-90% relative to
open evaporation ponds. Despite the positive effect WAIV proved to have on both the
evaporation rates and the land requirements, the application of the technique has been limited
to laboratory scale while the industrial application was not proven, according to (PérezGonzález et al., 2012). As an alternative, Mohammadesmaeili et al. (2010) suggested to treat
the generated brine through a recovery stage to retrieve mineral by-products which should
result in reduced costs and environmental impacts of the disposal of the final brine (Figure
2.20).
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Figure 2.20. An approach to the management of desalination brine through the retrieval of mineral byproducts and
evaporation (Mohammadesmaeili et al. 2010)

Sánchez & Matos (2018) suggested to use a series of treatments that should result in
salt concentration and, accordingly, the reduction of the volumetric flow rate which would
make it easier to retrieve dissolved salts and other compounds through precipitate. They
claimed that, in an ideal situation, ZLD can be achieved through a volume minimization process
which should provide the possibility to extract two outputs (mainly value solids and fresh
water) from one input which is the desalination concentrate (brine). According to Sánchez &
Matos (2018), there is a range of approaches for volume minimization. Some of those
techniques are listed in Table 2.9.
Table 2.9. Brine volume minimization techniques. Adapted from Sánchez & Matos (2018)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Two-step RO with intermediate chemical precipitation
Seeded Slurry Precipitation and Recycle Reverse Osmosis (SPARRO)
Two-step RO with intermediate biological treatment
RO with softening pretreatment and high pH
Two-step nanofiltration
Membrane distillation/pervaporation (pervaporative separation)
FO (forward osmosis)
Evaporation–crystallization processes
Vibratory shear enhanced processing (VSEP)
Electro dialysis (ED)
Electro dialysis with Bipolar Membranes (EDBM)
Electro dialysis Reversal (EDR)
Electro dialysis Metathesis (EDM)
Wind-aided intensified evaporation (WAIV)
Vacuum Membrane Distillation (VMD) or Air Gap Membrane Distillation (AGMD)
Brine evaporative cooler/concentrator (BECC)
Ohmic evaporator
Multiple Effect Distillation (MED)
Mechanical vapor compressor
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Generally, as shown in Figure 2.21, for the management of desalination brine, two main
approaches are available depending on the level of salinity and contamination in the brine being
managed; valorization and volume minimization. Following any of the shown two approaches,
the recovery of resources or the production of value-added byproducts can be achieved.

Figure 2.21. Main approaches for the management of desalination brine through valorization or volume minimization
(Sánchez & Matos, 2018).

It was concluded by Roberts et al. (2010) that the introduction of pressure exchange
technologies into the RO desalination processes was useful in the reduction of the salt content
in the generated brine. Also, to produce brine with less salinity, it was suggested to reduce the
recovery rates of the RO plants, an approach that should also result in an improved energy
efficiency and reduced need for the chemical pretreatment of the feed waters. The review also
showed that, to reduce potential environmental impacts of RO brine, and since in many cases
desalination plants and power plants are at close proximity from each other, one approach is
through the dilution of the brine with the cooling water of nearby power plants. Alternatively,
dilution can be made using the natural seawater from the same waterbody of the intake to
reduce salinity of the brine before its discharge.
The selection of the most suitable technique to use for the management of RO brine
from any desalination plant is usually based on a number of considerations including the
location of the plant, the production capacity, etc. However, the most common practice in the
case of coastal plants is normally to dispose the brine into the seawater, while the volume
reduction of the brine before disposal is likely to be followed in inland plants.
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It can be concluded that, since the adoption of desalination technologies is on the rise to
mitigate the growing water shortage, large volumes of desalination brine are being generated
which are normally disposed of into the water bodies, injected into the ground or sent to
evaporation ponds. Therefore, desalination brine can represent a serious environmental
challenge if poorly managed. The reduction of the volume of the generated brine comes in as
one of the approaches which can be taken to minimize the harmful impacts of the brine disposal
on the environment and enhance the economics of the overall desalination process. A multitude
of studies have been carried out to test different techniques for the reduction of the volume of
the desalination brine with recovery rates ranging from 9% using MSF to 85% using ED
technologies. Since FO has offered a low-energy solution for water desalination, in the
following chapters, an FDFO process was investigated on both bench-scale and pilot-scale
levels for the particular application of brine volume reduction with the objective to identify the
maximum possible volume reduction using a locally manufactured fertilizer to produce water
for irrigation.
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3. THE BENCH-SCALE INVESTIGATION
3.1. Introduction
This investigation was based on a quantitative method of data collection and analysis
through a series of batch experiments carried out in two stages; a bench-scale stage followed
by a pilot-scale stage, to investigate an FDFO process for the volume reduction of synthetic
brine. This approach was selected so that the bench-scale stage would be utilized for the
identification of the baseline results when reagent-grade ammonium sulpahte and sodium
chloride were used in the first sets of experiments before using the industrial-grade of the same
chemicals in the final experiments. Since the volumes required of both the ammonium sulpahte
and sodium chloride in each run of the pilot-scale investigations were 50 and 1,000 times those
required in the bench-scale runs respectively, carrying out the pilot scale experiments using
reagent-grade chemicals was obviously unrealistic. Also, since the main objective of this
research is to investigate the performance of the process in terms of the achieved volume
reduction of the feed brine in a setup that is as close as possible to the actual operating
conditions, carrying out the investigation fully on the bench-scale level would not have
addressed the required objectives. The bench-scale investigation, which will be discussed in
this chapter, was carried out using both reagent-grade and industrial-grade ammonium sulphate
(NH4)2SO4 fertilizer as DS and a synthetic brine solution prepared using both reagent-grade
and industrial-grade sodium chloride NaCl dissolved in deionized water. The investigation
performed to understand the performance of the FO membrane in terms of water flux at
different concentration combinations of both FS and DS. Table 3.1 shows a summarized list of
the experiments which were carried out as part of this investigation.
Table 3.1. Experiments of the bench-scale stage
Bench-scale Stage

FS

DS

Baseline Experiments

DI

Experiment Group (I)

Reagent-grade NaCl @ 5, 35 & 65
g/l (5,000, 35,000 & 65,000 ppm)
Reagent-grade NaCl @ 65 g/l
(65,000 ppm)
Industrial-grade NaCl @ 65 g/l
(65,000 ppm)

Experiment Group (II)
Experiment Group (III)
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Reagent-grade NaCl, (NH4)2 SO4 @ 1 Mole, and
Industrial-grade (NH4)2 SO4 @ 740g/l
Reagent-grade (NH4)2 SO4 @ 1, 2.4 & 3 Mole
Industrial-grade (NH4)2 SO4 @ 740g/l
Industrial-grade (NH4)2 SO4 @ 740g/l
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The aim of this stage was to estimate the expected quantities of NaCl and (NH4)2SO4 which
will be required for the pilot-scale investigation that is planned to follow the bench scale set of
experiments. The rationale behind running the bench-scale set of experiments before the pilotscale was basically to avoid consuming large amounts of chemicals unnecessarily in multiple
trials. The bench-scale investigation started with two baseline experiments with DI water as
the FS and each of reagent-grade NaCl and reagent-grade (NH4)2SO4 as the DS as well as a
third experiment with DI water as the FS and industrial-grade (NH4)2SO4 as DS. Then DI was
replaced with reagent-grade NaCl as FS at three different concentrations; 5, 35 and 65 g/l
(5,000, 35,000 and 65,000 ppm) while reagent-grade (NH4)2SO4 was used as DS at three
concentrations 1, 2.4 and 3 moles.
A set of side experiments were run to identify the maximum solubility of the investigated
industrial-grade (NH4)2SO4 to set the maximum concentration of the fertilizer at which the
maximum flux should be expected. After establishing the baseline values of the resulting flux
using the reagent-grade solutes, industrial-grade (NH4)2SO4 was introduced as DS while
industrial-grade NaCl was used to simulate/synthesize seawater. The DS used in the benchscale experiment was replaced by the industrial-grade (NH4)2SO4 at the maximum
concentration which has been identified during the previous experiment.
The following stage involved a group of four runs, with the industrial-grade (NH4)2SO4 at
maximum concentration of 740 g/l as DS and reagent-grade NaCl at a concentration of 65 g/l
(65,000 ppm) as FS. Then two runs with the reagent-grade NaCl replaced by industrial-grade
NaCl at the same concentration as FS. By the end of the bench-scale stage, the basic operation
of the membrane with the industrial-grade (NH4)2SO4 used as DS at the maximum
concentration was tested with synthetic brine using industrial-grade NaCl as FS. The obtained
results were later used to estimate the required quantities of the chemicals for the pilot-scale
stage as well as the expected runtime and resulting flux. Data collection and logging were
carried out using Porifera’s software. This chapter will be dedicated to explaining all
experimental procedures for the bench scale stage, including the used equipment and
chemicals. The experimental results and respective discussions will be presented at the end of
this chapter.
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3.2. Materials
a) Feed and Draw Solutions
Deionized water was the only source of water used in all bench-scale experiments. Each
experiment was run for approximately one hour, and two hundred milliliters of DI were used
for the preparation of the initial volume for each solution in each run of this stage. At the
beginning of the bench scale group of experiments, both FS and DS were prepared using
reagent-grade sodium chloride (NaCl) and ammonium sulphate (NH4)2SO4, which were
sourced from “LOBA CHEMIE PVT. LTD. (Figure 3.1), dissolved in DI. This was done to
eliminate any possible effects of impurities on the baseline results. While DI was maintained
as the sources of water throughout all the bench-scale experiments, the reagent-grade NaCl and
(NH4)2SO4 were replaced by industrial-grade versions of the same chemicals (Figure 3.2).

Figure 3.1. The tested reagent-grade SOA (left) and NaCl (right)

Figure 3.2. The tested industrial-grade SOA (left) and NaCl (right).
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The industrial-grade fertilizer was granular (NH4)2SO4 which was supplied by
Alexandria Fertilizers Co. in Egypt in 50 kg bags and was produced synthetically by the
reaction between ammonia and sulphuric acid. The standard specifications of the used fertilizer
as provided by the manufacturer are as shown in Table 3.2:
Table 3.2. Standard specifications of industrial-grade ammonium sulphate fertilizer (AlexFert, 2017)

Specification
Nitrogen

Value
20.2% min. by weight
24%±0.2 by weight

Sulphur
Moisture (H2O)

0.5% max. by weight

Sizes<1.18mm

0.75% max. by weight

Sizes <2.00mm

3.2% max. by weight

Sizes =2.00-4.00mm

90% min. by weight

Granular, free flowing, free from harmful substances

The industrial-grade NaCl was sourced from EMISAL in 25 kg bags with the standard
specifications listed in Table 3.3.
Table 3.3 Standard specifications of industrial-grade sodium chloride. Adapted from EMISAL Salts (2019)

Specification
NaCl
Moisture Content
Impurities soluble in water
Granulometery
Appearance
Potassium iodate
Water insoluble impurities
Water soluble impurities

Value
Min. 99%
Max. 4.0 %
Max. 0.8%
< 1 mm [Min. 80% (dried sample)]
Free flowing without lumps
0.03–0.07 g/l (30 –70 ppm)
< 0.15%
< 1.0%

b) Fluxometer
The first group of experimental investigations was performed using a bench-scale
crossflow FO system (Figure 3.3) which was supplied by “Porifera Inc, USA”.
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Figure 3.3. Porifera Fluxometer

It consists of a round FO cell which houses a membrane with diameter equal to 40 mm
with an effective area of 1.257x10-3 m2. Both the feed and the draw solutions were kept flowing
in a closed-loop system from their containers through the pump to the FO cell and then back to
their containers in a batch mode of operation. The spacing above and below the membrane
inside the cell were maintained using a circular rubber gasket on both sides which also provided
the necessary support to the membrane.
Both the FS and the DS flew from their containers through the pump to the FO cell and
then back to their containers as shown in Figure 3.4. The countercurrent flow of both solutions
were driven by a double-headed peristaltic pump (Stenner, 170DMP5, USA). In order to
eliminate any possible effects of any change in temperature on the resulting flux, all runs started
when the temperature of both solutions were 25ᵒC and were kept constant using a temperature
controller heater/chiller water bath (Polyscience temperature controller, 9106A12E).
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Figure 3.4. Bench-scale experimental setup

In order to be able to calculate the resulting flux, both containers were placed on digital
precision balances which provided real-time measurements of the change in mass of both
solutions at predetermined intervals of 120 seconds. A computer based data logging software
(LabVIEW 2010, 32 bit, Service Pack 1, National Instruments) and an interface management
software (Measurement & Automation Explorer MAX, Version 15.0.0f0, National
Instruments) were used to record the readings of the balances and then the logged data were
used to calculate water flux in terms of the change in the mass/volume of the DS and the FS
(Figure 3.5).
Average values of all flux calculations for separate mass readings were derived at the end
of each experiment to avoid possible inconsistency in individual readings. Mass balance was
also monitored throughout the experiments to ensure no leakages in either FS or DS channels.
In order to avoid evaporation, both the FS and DS containers were carefully sealed with
parafilm leaving only a small opening in each container’s cover for the tubes to pass through.
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Figure 3.5. Interface of the data logging software

In all experiments, the initial volumes of both FS and DS were set at 200 ml each. As the
FO process continued, and as the DS was being continuously diluted and the concentration of
FS was being increased, the rate at which fresh water was transferred from the FS side to the
DS side was gradually decreased as a result of the decline in the effective osmotic deferential.
Over a period of around 60 minutes, and as the change in mass was being recorded, the water
flux was calculated and plotted vs. time. A sample was taken from each solution before and
after each run to record both conductivity and TDS values and to measure the nutrients
concentration in the final DS.

c) FO Membrane
The membrane used in the bench-scale experiments is Porifera commercial FO
membrane supplied by “Porifera Inc, USA” with the specifications listed in Table 3.4 (Porifera
Inc., 2016 and Nasr, 2016).
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Table 3.4. Porifera’s FO membrane performance*, operating limits and guidelines. Adapted from Porifera Inc. (2016) and
Nasr (2016)
Item

Specifications

Manufacturer

Porifera Inc.

Model
Pure water permeability coefficient, A (Lm-2
h-1 bar-1)
Salt permeability coefficient of active layer, B
(m/s)

Roll-to-roll

Total membrane thickness (µm)

70 ± 10

Structural parameter, S (µm)

215 ± 30

Material of active layer

Polyamide (PA)

Material of support layer
Water Permeation

Porous hydrophilic polymer
FO Mode: 33 ± 2 LMH

2.2 ± 0.01
1.6 x 10.7

PRO Mode: 55 ± 3 LMH
Reverse Salt Flux (RSF)

FO/PRO Mode: 0.50 ± 0.2 g/L

Membrane Parameters

Structural parameter (S value): 215 ± 30 microns

Membrane Storage

Dry membrane:
Store membrane in sealed packaging. Minimize light exposure.
Wet membrane:
Once wet, store the membrane in dechlorinated water. Do not allow the membrane
to freeze or dry.
For storage exceeding 1 week, store in 1 % sodium bisulfite solution.

Maximum Trans-Membrane Pressure (TMP)

180 psi

pH Operating Range

2 – 11

Maximum Chlorine

< 0.1 mg/l (< 0.1 ppm)

Microorganisms

Log Reduction

Bacteria

>8

Virus

>6

Contaminant Rejection

% Rejection

Arsenic

>90.0%

Boron

>80.0%

* Test conditions:

Flat sheet membrane in a FO cross flow cell
Feed: 0.233 LPM (0.061 GPM) pure water at 25 ᵒC (77 ºF).
Draw: 1.0 M NaCl water at 25 ᵒC (77 ºF).
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d) Conductivity/TDS Meter and Probe
The “Orion Star A325 pH/Conductivity
Portable

Meter”

and

“Orion

DuraProbe™

Conductivity Cells” which were supplied by
“Thermo Fisher Scientific Inc.” were the only
equipment which were used to measure all
conductivity and TDS values throughout all
experiments (Figure 3.6).

Figure 3.6. Orion Star A325 pH/Conductivity
Portable Meter

e) Countertop Stirrer
The “Stuart Hotplate stirrer – UC 152” was used for the
mixing of both the FS and DS throughout all the bench-scale
experiments (Figure 3.7). Stirrer’s speed was increased gradually
from 100 rpm at the beginning of each experiment to 300 rpm at
the end of mixing to allow the chemicals to dissolve slowly.
Heating was only used in one experiment to investigate the effect
of temperature on the maximum solubility of the (NH4)2SO4.
Figure 3.7. Stuart Hotplate stirrer
UC 152

f) Precision Balances
As an integral part of the Fluxometer’s setup, all changes
in the mass of both DS and FS were measured using two “Mettler
Toledo Precision Balances XS4002S” with a maximum load of
4,100 g and readability of 10 mg (Figure 3.8).
Figure 3.8. Mettler
Precision Balances
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g) Deionized Water Source
Throughout all experiments, both bench-scale and pilotscale, the “Evoqua Ultra Clear® Compact RO” unit was used as
the source of DI water (Figure 3.9).

Figure 3.9. Evoqua Ultra Clear®
Compact RO unit.

3.3. Methods
The bench-scale experiments were performed in batch condition using Porifera’s
Fluxometer where two containers were used to represent the FS and DS sources. The main
difference between all the experiments of this stage was the type of solutions which were used
as FS and DS and the initial concentrations. The initial volume of both solutions across all
experiments were maintained equal to 200 ml. The only exception is in the last run where the
initial volume of the FS was 2 liters while that of the DS was 200 ml. This was done to secure
adequate amount of FS to accommodate the expected transfer of water since the runtime of that
last experiment was 36 hours instead of only one hour in normal runs. The water flux Jw was
calculated using the following equation:
𝐽𝑊 =
Where

∆𝑉
𝐴∗𝑇

∆V = Change in solutions volumes, A = Area of the FO membrane

and T = Time interval
3.3.1.1.

Baseline Experiments

The main objective of this set of experiments was to test the membrane’s basic
operation & set baseline values for the generated water flux. Baseline experiments were
conducted using deionized (DI) water as FS with reagent-grade NaCl as DS in one run, and
reagent-grade (NH4)2SO4 as DS in a second run.
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3.3.1.2.

Experiments Group (I)

In this group of experiments, an investigation of the FDFO process using reagent-grade
NaCl as FS and reagent-grade (NH4)2SO4 as DS was performed. The DI which was used in the
baseline experiments has been replaced by reagent-grade NaCl at different concentrations as
FS and reagent-grade (NH4)2SO4 as DS. The reagent-grade NaCl was used with three different
concentrations; 5, 35 and 65 g/l (5,000, 35,000 and 65,000 ppm) and the reagent-grade
(NH4)2SO4 was used as DS at three concentrations; 132.14, 264,28 and 369.42 g/l (equal to 1,
2.4 and 3 Moles respectively). Both chemicals were dissolved in DI water throughout the six
runs of this group of experiments. The fluxometer and the membrane were flushed using DI
after each run and before the start of the following run to remove any remaining chemicals in
both the FS and DS channels as well as on the two sides of the membrane. The flushing was
repeated until the TDS reading of the water circulating in both channels was observed to be
less than 1.0 ppm.
3.3.1.3.

Experiments Group (II)

In this group of experiments, an investigation of the FDFO process using reagent-grade
NaCl as FS and industrial-grade (NH4)2SO4 as DS was carried out. A group of three
experiments were run in which the reagent-grade (NH4)2SO4 that was used in Experiments
Group (I) was replaced by an industrial-grade version while the reagent-grade NaCl was kept
as FS at a concentration of 65 g/l (65,000 ppm) to simulate RO brine. The concentration of the
DS was set at the maximum possible concentration of the industrial-grade (NH4)2SO4 at
ambient temperature (i.e. without heating) which was found to be 740 g/l. This concentration
resulted from a side experiment in which the mass of the solute was increased gradually until
no further dissolution was possible. The resulting flux as well as the change in the mass of both
solutions were recorded.
3.3.1.4.

Experiments Group (III)

The reagent-grade NaCl was replaced by an industrial-grade NaCl for the preparation of the FS
which was used throughout the experiments of this group while industrial-grade (NH4)2SO4 was

maintained as the DS. The concentration of FS was set at 65 g/l (65,000 ppm) to simulate RO brine
while the of the DS was set at the maximum possible concentration of the industrial-grade
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(NH4)2SO4 at ambient temperature (i.e. without heating) which is 740 g/l. The change in the
masses of both FS and DS as well as the resulting flux were recorded.
3.4. Results and Discussion
The first baseline experiment was carried out to identify the maximum concentration of the
industrial-grade (NH4)2SO4 in DI which was expected to yield the highest water flux. The
experiment result show that the tested industrial-grade (NH4)2SO4 can reach a maximum
concentration of 740 g/l when dissolved in DI in ambient temperature (i.e. without heating).
The following experiment involved using DI as FS in three successive runs while the DS was
changed from 58.44 g/l (1 Mole) reagent-grade NaCl, to 132.14 g/l (1 Mole) reagent-grade
(NH4)2SO4 to industrial-grade (NH4)2SO4 at maximum concentration (i.e. 740 g/l). The
conductivity and TDS readings as well as the change in the masses of both FS and DS were
recorded for each run. From the recorded values of the change in mass, water flux was derived
for each run and plotted as shown in Figure 3.10 and Figure 3.11.
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Figure 3.10. Water flux and DS concentration before and after the baseline experiment with DI used as FS and different DS
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Figure 3.11. Water flux and FS concentration before and after the baseline experiment with DI used as FS and different DS
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Results showed that when the reagent-grade NaCl and (NH4)2SO4 were used as
DS at a concentration of 1 Mole, the water flux were 24.56 and 23.01 l/h/m2 respectively. When
the industrial-grade (NH4)2SO4 was used as DS at the maximum concentration (i.e. 740 g/l),
flux was only 21.48 l/h/m2. Since a concentration of 740 g/l of pure (NH4)2SO4 is around 5.4
Moles, more than 5 times the tested concentration of the reagent-grade (NH4)2SO4, it can be
concluded that the impurities in the industrial-grade (NH4)2SO4 caused the osmotic pressure to
drop significantly causing the draw action to drop accordingly. When DI was replaced by a
reagent-grade NaCl at three different concentrations; 5, 35 and 65 g/l (5,000, 35,000 and 65,000
ppm) as FS and was tested with reagent-grade (NH4)2SO4 as DS at two concentrations; 132.14,
396.42 g/l (equal to 1 and 3 Moles respectively), flux levels were as shown in Figure 3.12. This
investigation resulted in six different concentration combinations and yielded water flux that
ranged from 32.75 l/h/m2 to 1.10 l/h/m2 (Figure 3.13).
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Figure 3.12. Water flux with two concentrations of reagent-grade SOA as DS and reagent-grade NaCl as FS at three different
concentrations
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Figure 3.13. Water flux using reagent-grade NaCl as FS at 65 g/l (65,000 ppm) at three concentrations of reagent-grade SOA
as DS and

Since the main focus of this research is the volume reduction of RO brine, further
investigation was performed on the third case where the concentration of the reagent-grade
NaCl as FS was set at 65 g/l (65,000 ppm) to simulate seawater brine and the concentration of
the reagent-grade (NH4)2 SO4 as DS was changed from 132.14 to 396.42 g/l (equal to the range
from 1 to 3 Moles). The resulting flux changed, as shown in Figure 3.13, from 1.10 l/h/m2 to
10.21 l/h/m2.
A further investigation was necessary in order to understand the effect of changing the
solute used to prepare the FS from reagent to industrial-grade NaCl on the generated water flux
and the concentration of FS. As shown in Figure 3.14 and Figure 3.15, the FO process when
the reagent-grade NaCl as FS was used with industrial-grade (NH4)2SO4 as DS at a
concentration of 740 g/l produced a water flux of 11.69 l/h/m2 compared to only 8.63 l/h/m2
when industrial-grade NaCl was used. However, the change in TDS measurements for both FS
and DS show that industrial-grade NaCl as FS resulted in a dilution of the DS of (4.4%) and a
concentration of the FS of (5.2%) compared to only (0.7%) and (3.8%) respectively when
reagent-grade NaCl was used as FS.
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Figure 3.14. Water flux and DS concentration before and after the final bench-scale experiment with industrial-grade SOA @
740 g/l as DS

67.00

66.40
12.00

11.69

10.00

65.00
8.63

64.15

8.00

64.00
63.13
63.00

6.00

Flux (L/hr/m2)

FS concentration (g/l)

66.00

14.00

66.60

4.00

62.00

2.00

61.00

-

reagent-grade Nacl as FS (65 g/l)
Initial

industrial-grade NaCl as FS (65 g/l)
Final

Flux

Figure 3.15. Water flux and FS concentration before and after the final bench-scale experiment with industrial-grade SOA @
740 g/l as DS
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An additional run of the same experiment was carried out for an extended period of time to
identify the long-term water flux and change in concentrations. The initial volume of the FS
was 2 liters and that of the DS was 200 ml and the experiment was kept running for 36 hours
instead of only one hour. The results showed that the flux has slightly dropped from 8.63 l/h/m2
in a one-hour run to 8.09 l/h/m2 in the extended run. The change in flux value is plotted against time
in Figure 3.16.
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Figure 3.16. Flux vs time for the FO process using industrial-grade NaCl at a concentration of 65 g/l (65,000 ppm) as FS
and industrial-grade SOA at a concentration of 740 g/l as DS.

A comparison between the TDS measurements before and after the run for both solutions
is shown in Figure 3.17. Throughout the runtime of 36 hours, flux has been continuously
decreasing over time as a result of approaching osmotic equilibrium between the two solutions.
By the end of the run, no significant flux was observable and 245 g of fresh water (12.3% of
the initial volume of the FS) were transferred from the feed side into the draw side. To confirm
the percentage of volume reduction, an approximately equal percentage could be derived using
another approach; by analyzing the change in TDS measurements of the FS before and after
the run. As a result of the process, the concentration of the FS was increased from 64.756 g/l
(64,756 ppm) to 72.458 g/l (72,458 ppm) or 11.9%.
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Figure 3.17. Absolute and % change of concentration of both FS and DS before and after the extended run using industrialgrade NaCl at a concentration of 65 g/l (65,000 ppm) as FS and industrial-grade SOA at a concentration of 740 g/l as DS.
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4. THE PILOT-SCALE INVESTIGATION
4.1. Introduction
The pilot-scale stage was conducted basically by scaling up the findings of the bench
scale stage using a pilot-scale FO arrangement (Table 4.1). All pilot-scale experiments were
carried out in batch runs using industrial-grade (NH4)2SO4 and NaCl starting from the final
concentration levels tested on the bench-scale experiments and resulted in noticeable levels of
flux. All pilot-scale experiments were conducted using DI to eliminate possible effects of any
suspected presence of impurities while establishing the baseline values. However, the final
pilot-scale experiment was conducted using tap water instead of DI water to simulate a scenario
that is closer to reality. Data collection and logging were carried out using a data-logging
software developed by Western Mechatronics which was used to record the readings of the
changing weight of the DS. This chapter will be dedicated to explaining all experimental
procedures for the pilot-scale stage, including the used equipment and chemicals. Specific
experimental results and respective discussions will be presented at the end of this chapter.
Based on the results obtained from this investigation, a techno-economic assessment will be
carried out in order to investigate the economic feasibility of the proposed process in terms of
additional costs against the expected savings.

Table 4.1. Experiments of the pilot-scale stage
Pilot-scale Stage

FS

DS

Baseline Experiments

DI

Industrial-grade (NH4)2 SO4 @ 740 g/l

Main Experiment

Industrial-grade NaCl @ 65 g/l (65,000 ppm)

Industrial-grade (NH4)2 SO4 @ 740 g/l

4.2. Materials
a) Feed and Draw Solutions
Industrial-grade (NH4)2SO4 was used as DS at the maximum concentration while DI was
used as FS in the baseline experiment then it was replaced by industrial-grade NaCl at a
concentration of 65 g/l (65,000 ppm) dissolved in DI. The detailed information on the
chemicals used can be seen in the Experimental Materials section in (Chapter 3 – The Bench
Scale Investigation).
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b) FO Membrane
The pilot-scale experiments were carried out using the FO system shown in Figure 4.2
which was built inside the WEF Nexus Lab at The American University in Cairo using a 7 m2
Porifera FO membrane module. The modular design of the membrane allows for future
addition of more membrane modules to increase the membrane’s effective area in multiples of
7 m2. Each module comes with one side dedicated for the input connections and the other for
the outputs, with four ports on each side; two for FS and two for DS (Figure 4.1).

Figure 4.2. Porifera's 7m2 FO membrane

DSout

FSout
FSout (aux)

DSout (aux)

DSin

FSin (aux)

DSin (aux)
FSin

Figure 4.1 Ports of a Porifera FO membrane module

Of those four, two ports on each side were connected to pressure gauges to continuously
monitor the pressure of both the input and output ports of both FS and DS and ensure they do
not exceed the maximum allowable pressure. Two digital flow meters were installed on the
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input side of both FS and DS. Deionized water was used for the flushing of the membrane
between runs and has been circulated in both forward and reverse directions for the maximum
chemical-free removal of foulants.
The arrangement was run using two 0.55 kW circulation pumps; each pump is connected
in line with either the feed or the draw tanks to ensure the continuous circulation of the solutions
from the tanks into the membrane then back to the tanks. The pumps were selected so that they
add no pressure on the input ports of the membrane module that exceeds 1 bar. A control board
was installed as part of the arrangement which provides the possibility of either operating the
system manually or through a Programmable Logic Control (PLC) system which can be
programmed to operate the system automatically. In order to be fully in control of the process
and since each experiment was carried out under close supervision, only the manual control
option was used throughout the investigation.

c) Platform Scale
The platform scale was one of the key equipment which were used in the experiments of
the pilot-scale stage (Figure 4.3). It was used to weigh and record the changes in the mass of
the DS throughout each run. The scale was supplied by Western Mechatronics, a local
manufacturer of commercial scales which also developed and provided the data logging
software. The data logger was set to display and record the weight of the DS every 1 minute
till the end of each experiment when all the logged data were exported to an excel file for
analysis. Initial calibration of the platform scale was performed by the supplier at the beginning
of the pilot scale investigation and the procedure was repeated later on before the beginning of
each run.

Figure 4.3. Platform scale and data logging software
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d) Conductivity/TDS Meter and Probe
Refer to the Experimental Materials section in (Chapter 3 – The Bench-Scale
Investigation).

e) Deionized Water Source
Refer to the Experimental Materials section in (Chapter 3 – The Bench-Scale
Investigation).
f) Overhead Stirrer
The mixing of both the DS and FS were performed using “Heidolph Hei-TORQUE
Precision 400” overhead stirrer (Figure 4.4). The mixing speed was gradually increased from
500 to 1,200 rpm throughout the mixing process.

Figure 4.4. Heidolph Hei-TORQUE Precision 400 overhead stirrer

g) Transfer Pump
The “Einhell GE-GP 9041 E” pump was used in the
pilot-scale experiments for two functions; to mix the
industrial-grade NaCl in water to prepare the synthetic
brine which was used as the FS then to transfer the
prepared FS from the mixing container to the FS container
before the start of each run (Figure 4.5). The rated power
of the pump is 900 W with a maximum delivery capacity of
4,100 l/h (Einhell Germany AG, 2018)
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Figure 4.5. Einhell GE-GP 9041 E transfer
pump. Adapted from Einhell Germany AG,
(2018)
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4.3. Methods
After the bench scale experiments have concluded, the pilot-scale experiments started
using the 7 m2 FO membrane module in the setup illustrated in Figure 4.6. Two 200 liter tanks
were used as containers for DS and FS; each was connected to a circulation pump which
provided the driving force to move each solution from the base of the container through the
membrane back to the top of the container.

Figure 4.6. FDFO Pilot-scale experimental setup

Before the start of each run, the system was flushed using DI until the TDS reading of
both channels went below 100 ppm or a concentration of 0.1 g/l. The initial volumes of both
solutions were recorded and the change in the volume of the DS was observed through
continuously monitoring and recording the change in its mass using the platform scale which
was connected to a computer running the data logging software.
4.3.1. Baseline Experiment
This experiment was carried out using DI as FS and industrial-grade (NH4)2SO4 as DS
at the maximum concentration. The main aim of this experiment was to test the functionality
of the pilot-scale membrane and compare the results with those obtained from the bench scale
experiments. Another objective of this baseline experiment was to establish the baseline value
of the resulting flux which was expected to be the maximum possible flux that could be
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generated using the investigated fertilizer as DS. The initial volume of the DS was 10 liters
while the initial volume of the DI as FS was 200 liters.
4.3.2. Main Experiments
Two experiments were carried out in which industrial-grade NaCl was used as FS and
industrial-grade (NH4)2SO4 was used as DS. The concentration of FS was set at 65 g/l (65,000
ppm) while DS was prepared at the maximum concentration of the (NH4)2SO4 which is 740 g/l.
One of the two runs was performed with both NaCl and (NH4)2SO4 dissolved in DI while tap
water was used in the second run. Since it was advised by the membrane’s manufacturer to
ensure that both FS and DS are chlorine-free, tap water had to be de-chlorinated before adding
and dissolving both solutes. Three alternatives for the de-chlorination of tap water were tested;
Sodium Thiosulfate (Na2S2O3), Sodium Metabisulfite (Na2S2O5) and de-chlorination by
evaporation. A side experiment was carried out to investigate the effect of each of the three
alternatives on the TDS and pH readings of the de-chlorinated water. Results of that side
experiment are shown in the following section. However, and in order to avoid the need for a
pre-treatment stage only for de-chlorination, the evaporation method was chosen after it has
been tested and proven successful.

4.4. Results and Discussions
a) Flux
The pilot-scale investigation started with a baseline experiment where DI was used as FS
while industrial-grade (NH4)2SO4 was used as DS. The initial volumes of both FS and DS were
200 liters and 10 liters respectively and the concentration of the DS was set at 740 g/l; the
maximum possible concentration of the investigated fertilizer in water. The process was left
running for 180 minutes and the change in the mass of the DS was recorded and the resulting
flux was 14.39 l/h/m2. In the following two runs, the FS was replaced by industrial-grade NaCl
solution at a concentration of 65 g/l (65,000 ppm) which was dissolved in DI in one run and in
tap water in the second run. The process was repeated as explained in the baseline experiment
and the resulting flux values were 2.40 l/h/m2 (with DI-based FS) and 2.02 l/h/m2 (with tap
water-based FS) as shown in Figure 4.7.
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Then, two extended runs using industrial-grade (NH4)2SO4 as DS (740 g/l) and industrialgrade NaCl at a concentration of 65 g/l (65,000 ppm) as FS dissolved in DI and in tap water
were carried out in order to investigate the long term results of flux and the change in the TDS
of both solutions. When both runs extended to 7 hours, average flux dropped to 1.52 l/h/m2 (with
DI-based FS) and 1.33 l/h/m2 (with tap water-based FS) as shown in Figure 4.8.
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Figure 4.7. Flux vs time with industrial-grade SOA as DS (740 g/l) and different FS.
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Figure 4.8. Flux vs time with industrial-grade SOA as DS at a concentration of 740 g/l and NaCl as FS at a concentration
of 65 g/l (65,000 ppm)
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The slight decrease in the resulting flux values in the cases involving the tap water-based
FS compared the DI-based FS were rather expected since the higher TDS of the tap water
compared to the DI water, although relatively small, beside possible impurities caused the
osmotic pressure of the FS to slightly increase which, accordingly, decreased the overall
driving osmotic pressure difference hence a lower flux.

b) Change in Concentrations
In terms of TDS change, Table 4.2 shows the initial and final TDS readings of both FS and
DS and the corresponding % change in the concentration of each solution. It is obvious that the
process resulted in an average dilution of the DS of around 53.3% and an average concentration
of the FS of around 12.7%.
Table 4.2. Change in the concentrations of FS and DS(g/l) and flux (l/h/m2) of the pilot-scale investigation

DS concentration (g/l)

FS concentration
(g/l)

Change in
concentration

Initial

Final

Initial

Final

Flux
(l/h/m2)

DS

FS

Industrial-grade (NH4)2 SO4 (740 g/l)
as DS and industrial-grade NaCl (65
g/l) dissolved in DI as FS

186.594

85.193

63.293

71.914

1.5204

-54.3%

13.6%

Industrial-grade (NH4)2 SO4 (740 g/l)
as DS and industrial-grade NaCl (65
g/l) dissolved in tap water as FS

187.479

89.483

65.717

73.412

1.329

-52.3%

11.7%

-35.3%

12.7%

Description

Average

c) De-chlorination
According the membrane’s manufacturer, it has to be ensured that both FS and DS are
chlorine-free before entering the membrane module. Therefore, tap water had to be dechlorinated before it was used to dissolve both NaCl and (NH4)2SO4. Two chemical dechlorination alternatives were tested to assess if any changes in TDS or pH will occur; dechlorination using Sodium Thiosulphate (Na2S2O3) and using Sodium Metabisulfite (Na2S2O5).
In both cases, DPD tablets were used to check for the presence of chlorine in water. The first
alternative was carried out using 0.1 g/l and the second using 1.5 g/l. The TDS and pH
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measurements after treatment were recorded and compared against those of the DI and tap
water as shown in Figure 4.9. Although Sodium Thiosulphate (Na2S2O3) resulted in the lowest
impact of both the TDS and pH, de-chlorination by evaporation was eventually chosen in order
to avoid using any chemicals in the investigation other than NaCl and (NH4)2SO4.
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Figure 4.9. TDS and pH readings of four water samples; a) DI b) Tap water c) Tap water treated with 0.1 g/l Sodium
Thiosulphate (Na2S2O3) and d) Tap water treated with 1.5 g/l Sodium Metabisulfite (Na2S2O5)

d) Economic assessment of the process
Based on the results obtained from the change in the concentrations of both FS and DS
in the final experiment of the pilot-scale stage, a case was derived to calculate the required DS
quantity which would result in 1 m3 of final DS. The overall proposed systems layout was
developed using example quantities as illustrated in Figure 4.10. In order to quantify the costs
involved in the proposed FDFO process, the values which were used in the calculation of the
different cost elements are listed in Table 4.3. Cost of the ammonium sulphate fertilizer was
obtained from the local market while cost of desalinated water (RO permeate) as well as the
cost of electricity were according to market averages and were confirmed through an interview
with an industry expert (Seddik, 2018).
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Table 4.3. Different parameters involved in the calculation of the cost elements of the proposed FDFO process

Parameter
Cost of fertilizer
Cost of fresh water (RO permeate)
Cost of electricity
Pump power
Weight of 10 liters initial DS
DS Initial Weight
DS Final Weight
Time consumed
Initial concentration of SOA
Exchange rate

Unit
(EGP/kg)
(EGP/m3)
(EGP/kWh)
(kW)
(kg)
(kg)
(kg)
(h:min)
(kg/l)
(EGP/US$)

Value
3.6
9.5
1.25
0.55
12.42
12.42
29.92
7:25
0.74
17.8

Figure 4.10. Mass balance of the proposed process

The calculations showed that in order to produce 1 m3 of the final DS, a quantity of
0.29 m3 of the concentrated initial DS is required to be used with 5.75 m3 of RO brine at a
concentration of 65 g/l (65,000 ppm) to an FDFO process which will result in an overall volume
reduction of the feed brine of 12.4% to reach 5 m3 at a concentration of 73 g/l (73,000 ppm).
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The resulting concentrated brine will be channeled to solar evaporation ponds or will be used
in aquaculture farming processes. Post treatment of the resulting concentrated brine might be
required to precipitate any traces of sulphates before using it in any fish farming processes.
Based on the results of the analysis of a sample of the final DS conducted at the Agricultural
Research Center (ARC), the concentration of nitrogen (N) was found to be around 1,200 mg/l.
Accordingly, in this particular scenario, the final DS will need to be mixed with 5 m3 of fresh
water (RO permeate) to bring the final concentration of nitrogen down to 205 mg/l, a
concentration that meets the recommended N/P/K nutrients’ concentrations for the plants listed
in Table 2.4, according to (Phuntsho, Shon, Majeed, et al., 2012). The quality of the final
diluted fertilized water can be enhanced further by the addition of the two other elements;
phosphorus (P) and potassium (K), before the introduction of the final mix to hydroponic
systems. A case was derived based on the results obtained from a pilot-scale experiment where
10 liters of industrial-grade fertilizer were used as initial DS and 200 liters of synthetic brine
were used as initial FS. The forecasted amounts of fresh water and solid fertilizer in that derived
case were calculated so that the resulting final DS should be equal to 1 m3 by the end of the
process (Table 4.4). Also, different cost and saving elements were calculated and split into
CAPEX and OPEX as shown in Table 4.5.
Table 4.4. Parameters used for the derived case based on the results of the pilot-scale experiment

Derived case to reach 1 m3 of final DS

Experiment
DS

FS

Fresh water

DS

FS

Initial volume (liter)

10.00

200

208.99

287.36

5,747.13

Final volume (liter)

34.80

224.80

1,000.00

5,034.48

Extracted fresh water (liter)

24.80

24.80

712.64

712.64

Volume reduction of FS

12.4%

12.4%
154.65

Fertilizer mass (kg)

4.61

Water extraction capacity of fertilizer (liter/kg)
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Table 4.5. Itemized costs and savings involved in an FDFO process

Costs

Source

CAPEX
Cost of membrane (EGP) [USD 6,500]

115,700

(Porifera Inc., 2017)

3

OPEX (/m )
Cost of water (EGP)

1.99

Cost of fertilizer (EGP)

556.74

Cost of energy (EGP)

9.27
3

568.00

Total cost of DS (EGP/m )
Savings
CAPEX
Average share of brine outfall in total RO plant CAPEX

7.30%

(El-Maraghy, 2018)

Average cost of RO plant CAPEX (USD/m3)

1,500

(The World Bank, 2017b)

Average cost of brine outfall (EGP/m3)

1,949.10

Savings in CAPEX (EGP/m3)
OPEX (/m3)

241.69

Average cost of brine disposal in total desalination cost (%) [min
5% & max 33%]
Average cost of brine disposal (EGP/m3)

19%

Average savings on the disposal of the reduced brine volume (EGP)

1.29

(Pérez-González et al.,
2012)

1.81

In order to reach an understanding of the expected economics of the proposed process,
an example case was developed in order to quantify the expected savings on both CAPEX and
OPEX levels for an example 100 m3/day RO desalination plant over a span of 1 year. The
guiding values of the relevant parameters are listed in Table 4.6. The daily cost of DS was
calculated using the figures of Table 4.5.
Table 4.6. Parameters used for the example case of 100 m3/day desalination plant

Parameter

Value
3

Desalination plant capacity (m /day)

100

Desalination plant recovery rate

40%

Desalination plant intake capacity (m3/day)

250

3

Volume of produced brine (m /day)
3

Water extracted by FDFO (m /day)
3

150
18.6

Required volume of initial DS (m /day)

7.50

Cost of DS (EGP/day)

4,260

A comparison between the savings in the business as usual (BAU) scenario and with
FDFO implemented was developed using the figures from Table 4.5 and Table 4.6 and
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summarized in Table 4.7. Since the model did not include the potential revenues generated
from either the sales of the fertilized water or the sales of the crops produced by the hydroponic
systems, the model shows negative savings which translates into incurred losses. It has to me
mentioned that, for processes involving relatively sizable quantities, the actual cost of the FO
membrane is expected to be less than the amount quoted in the tables due to the economy of
scale.
Table 4.7. An example case of 100 m3/day plant to illustrate the expected CAPEX and OPEX savings

Total CAPEX (EGP)
Total OPEX per year (EGP)

BAU

With FDFO

Savings

2,670,000

2,761,531

-3.4%

346,750

1,854,688

-435%
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5. CONCLUSIONS, LIMITATIONS AND RECOMMENDATIONS
5.1. Conclusions
It has been shown that Egypt is facing a serious water challenges which is expected to grow
even bigger in the next few years. Since the water resources of the country are highly dominated
by the water supplied by the Nile River which is not expected to accommodate future growth
in demand, attention is currently being given to unconventional alternative water resources.
With the fast development in water desalination technologies to achieve improved efficiencies
at lower costs, water desalination comes as one of the main alternatives to bridge the gap
between demand and supply. The anticipated growth in the production of water through
desalination processes in Egypt carries the risk of adding to the existing environmental
challenges and even introduce new challenges. One of the most key challenges of the expected
expansion in water desalination is the expected large amounts of generated brine that will need
to be disposed of with the minimum impact on the environment. As the volume of the generated
brine increases, the resulting negative environmental implications increase since the
management and control on the proper brine disposal processes becomes harder and more
expensive.
This research was carried out to investigate the feasibility of using a typical FDFO process
for the volume minimization of synthetic desalination brine when used as the feed solution
while a highly-concentrated nitrogen-based fertilizer is used the draw solution. The synthetic
brine was prepared in the lab using sodium chloride NaCl as the only solute at a concentration
of 65 g/l (65,000 ppm) and the selected fertilizer was ammonium sulphate (NH4)2SO4. The
fertilizer was selected as a draw solution for different considerations including its price
stability, availability and being locally produced. The diluted fertilizer by the end of the process
was intended to be used for irrigation purposes. The investigation was performed in two stages;
bench-scale and pilot-scale stages and two different grades of both chemicals were used
throughout the investigation; reagent-grade and industrial-grade. The investigation was
performed using the same type of FO membrane but on two different scales with two membrane
surface areas; 12.57cm2 and 7m2. The investigation aimed at identifying the maximum possible
volume minimization of the feed brine as a result of using the tested fertilizer at its maximum
concentration in the investigated process. It was expected to reach a further concentration of
the brine as a result of the volume minimization while producing a diluted fertilizer solution
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for direct fertigation. Also, as part of the assessment, the resulting water flux using different
combinations of the draw and the feed solutions was investigated.
The investigation was successful in identifying the maximum possible concentration of the
tested industrial-grade (NH4)2SO4 in water, without the introduction of any external heating,
which was found to be 740 g/l. In order to achieve the most powerful draw action using that
particular fertilizer in an FDFO process, the DS was prepared at that maximum concentration.
Testing the process in a bench-scale investigations was useful on different levels. One outcome
of the bench-scale investigation was based on an observation when the fertilizer was used as
DS with synthetic brine prepared using reagent-grade NaCl as FS, the generated flux was 11.69
l/h/m2 compared to 8.63 l/h/m2 when an industrial-grade NaCl was used. It can be assumed that
the impurities in the industrial-grade NaCl increased its osmotic pressure which resulted in a
lower osmotic pressure differential between the FS and DS sides and, accordingly, reduced
water flux. This assumption can be verified in future research by fully analyzing two samples
of both the reagent-grade and the industrial-grade NaCl to identify the exact composition of
both chemicals which can be helpful in explaining the observed decrease in flux.
Another observation in the bench-scale stage was based on the extended run which lasted
for 36 hours. That run showed that the FDFO process using industrial-grade NaCl at a
concentration of 65 g/l (65,000 ppm) and (NH4)2SO4 at a concentration of 740 g/l as FS and DS
respectively resulted in an increase in the concentration of the synthetic brine of almost 12%,
which translates into a volume reduction of the brine of the same percentage. This percentage
was also confirmed using another approach by quantifying the percentage of fresh water which
has been transferred from the FS to the DS, to the initial volume of the FS. This reduction in
volume should result in improved economics in the disposal of the concentrated brine using
evaporation ponds. Through volume minimization, as previously explained, not only an easier
management of the brine can be reached, but also the possibility of the recovery of salts and
value-added chemicals is increased. The investigated FDFO process can be used to increase
the concentration of dissolved salts, which can be recovered in later stages using different
techniques such as evaporation and crystallization.
The 12% volume reduction of the FS which was achieved in the extended run of the benchscale experiment was later confirmed by the pilot-scale investigation which showed an average
increase in the concentration of the FS of 12.7% using industrial-grade NaCl and (NH4)2SO4
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(Table 4.2). It can be concluded that the overall outcomes of both investigations showed
consistent results which can be considered as the main finding of this research.
It is worth mentioning that the achieved volume reduction of 12.7% using the proposed
process, which means an RR of 12.7%, although lower than the 19% reported by Jones et al.
(2019) and presented earlier in this study in Table 2.6, can be considered comparable in terms
of the overall economics of the process. This is due to the fact that the reported RR of 19% was
linked to an RO process which normally requires significantly high amount of energy unlike
the case with the proposed FDFO process. Another advantage of the proposed FDFO process
over the reported RO is that the former produces, other than a reduced-volume brine, a
concentrated fertilized water which can be commercialized and provide an additional revenue
stream which should enhance the overall economics considerably.
As far as the economics of the proposed process is concerned, and as was studied and
discussed in the previous chapter, figures showed incurred losses when compared to business
as usual. This should not be considered an indication on the actual financial feasibility of the
process since the financial model focused on the savings on the brine disposal cost only and
did not factor in any other potential revenue streams. The process provides a platform on which
various applications can be built that can fully alter the overall economics of the process and
turn it into an economically viable solution for the volume reduction of the RO brine and the
production of water for fertigation compared to the status quo using the RO permeate only.
Referring to Figure 4.10 which provides a visual representation of the overall proposed
process, and since the process is not intended to dispose of the concentrated brine with the
reduced volume into the sea but it rather suggests to channel it to either evaporation ponds or
to aquaculture farming systems, it is recommended to use the proposed process in small-size
RO desalination plants so that the proposed process can result in manageable amounts of
generated concentrated brine with minimal spatial and financial requirements. However, the
scaling up of the process is possible provided that the selected locations can accommodate
larger areas for the evaporation ponds or aquaculture farming systems.
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5.2. Limitations
Due to some limitations throughout the course of this investigation, the flow and the
outcomes of the research have been influenced in different ways. One of the main limitations
was the need to flush the system thoroughly right after each run to prepare it for the following
run. This was essential to ensure the maximum removal of salts residues from the previous run
which could possibly influence the results of the new run. The flushing process of both the DS
and FS channels was carried out using deionized water only and it was repeated several times
while the TDS of both the FS and DS channels were monitored throughout the flushing process
until they went to below 1 ppm. The time consumed for the recharge of the DI dispenser also
caused the flushing process to take longer than expected.
For the bench-scale experiments, overall flushing time, including the time required to
recharge the DI dispenser, was around 3-4 hours. For the pilot-scale stage, and due to the
significantly larger capacity of the system, the time consumed for the preparation of the DI and
flushing of the system took up to 12 hours and, in some runs, had to be done on two consecutive
days. Aside from the flushing process, the recharge time of the DI dispenser also caused the
time required to prepare both the DS and FS to extend. Also, for the preparation of both
solutions, a significantly long time was needed for the dilution of both sodium chloride and
ammonium sulphate, especially for the preparation for runs which required high concentrations
of both solutes, using either the countertop or the overhead stirrers.
All these factors resulted in lengthy preparation time for each run which limited the ability
to conduct multiple runs using the same parameters (i.e. same types of chemicals at the same
concentrations). Due to this runtime limitation, statistical analysis using multiple runs with
same parameters was not performed which made the interpretation of the results become more
suggestive rather than conclusive.
Another limitation in the pilot-scale stage, unlike the case with bench-scale experiments,
was the unavailability of a temperature controller/regulator to keep the temperature of both FS
and DS constant throughout each run. While in the bench-scale investigation, temperature was
always kept fixed at 25℃, both solutions in the pilot-scale investigation witnessed an increase
in temperature of around 7℃ from the beginning to the end of most of the runs mainly due to
the heating up of the circulation pumps (generally, temperature changed from 24℃ to 31℃).
The effect of this increase in temperature on water flux, although not calculated, is expected to
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be significant and resulted in an inaccurate comparison between the bench-scale and the pilotscale results.
Also, before the start of all experiments, both the FS and DS channels were drained from
the remaining solutions or the DI that was used for flushing. At the start of bench-scale
experiments, the system was kept running for a few minutes before the actual data logging was
started to allow for the FS and DS to fill their respective channels and push all the trapped air
bubbles out. The same steps were followed with the pilot-scale experiments but the time
required for the DS and FS to fill their channels and for the circulation to start was significantly
longer (i.e. it took between 60 to 90 minutes).
It is also worth mentioning that since this study was focused on the investigation of the
FDFO process using synthetic brine as FS, the performance of an actual RO desalination brine,
if it replaced the synthetic brine as FS, is expected to be different on both the induced flux and
the resulting volume reduction. This should be due to the difference in composition between
the actual and the synthetic brine, since the latter was prepared using industrial-grade NaCl as
the only ingredient.
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5.3. Recommendations for Future Research
This research was mainly focused on investigating the performance of ammonium sulphate
as DS in an FDFO process for the volume reduction of synthetic RO brine. Accordingly, the
main objective was to quantify the amount of the resulting volume reduction of the brine and
discuss the economics of the process; starting with the introduction of the brine and the DS into
the process all the way to the production of irrigation-ready fertilized water. The analysis of
the economics of the proposed process did not factor in the potential cash flows from revenue
streams other than the expected savings on the brine disposal cost. Further research on the
financial feasibility of the potentially profitable applications of the process would be of an
added value. One possible application of the process is with hydroponic systems which provide
high efficiency on the level of the consumption of both water and energy while the expected
financial returns are normally high. The economics of the following stages involving using the
fertilized water for the production of crops using hydroponic systems and the feasibility of
starting and running a hydroponics business within the current socioeconomic conditions in
Egypt did not lie in the scope of this research. Future research is recommended to link the
findings of this investigation to feasibility studies on hydroponics business in Egypt given the
growing social and economic trends and the changes in the patterns of consumption by the
Egyptian consumers.
Also, some of the findings of this research were built on assumptions which might need to
be supported by future research. This includes assumptions on the linearity of the relationship
between the share of brine disposal cost in total CAPEX and OPEX of RO plants and plant
capacity while actual data might show otherwise since total CAPEX and OPEX can be split
into fixed and variable costs and, accordingly, the actual relationship might not follow a linear
trend. Further research would be useful to identify the actual relationship using real-life
reference cases of desalination plants in Egypt with actual breakdown of CAPEX and OPEX
across different capacities so that the expected savings can be identified more accurately.
While this research was conducted using synthetic NaCl-based brine, testing the proposed
process using actual brine can be seen as a recommended future work. Since the composition
of actual RO desalination brine is expected to be different from the investigated synthetic brine,
the overall volume reduction of the brine is likely to change accordingly. This should be
reflected in the economics and the overall feasibility of the process. It is recommended to
follow this research with other investigations which will test the performance of ammonium
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sulphate fertilizer with actual brine samples from different locations in Egypt including, aside
from both the Mediterranean and Red Seas, brackish groundwater water from the aquifers of
the western desert. The investigation and comparison of the overall economics of the proposed
system, when used with different samples from various locations as FS, can result in rather
useful findings and can shed more light on prioritized applications of the proposed process.
It would be very beneficial to conduct a future research in an actual small-size RO
desalination plant so that a continuous supply of the plant’s actual generated brine is secured
and introduced to an FDFO process similar to the one proposed in this research. The complete
cycle of the proposed process can be tested including the actual volume reduction of the brine,
actual savings on disposal cost, actual energy requirements and actual cost of the produced
concentrated brine. Model commercially-oriented evaporation ponds and/or aquaculture
farming systems including final products which can be commercialized can be integrated
within the process so that the overall economics of the process can be accurately assessed.
The comparison between the flux values achieved using two different grades of sodium
chloride as FS in the bench-scale investigation showed that the case with reagent-grade NaCl
resulted in a flux higher than that of the industrial-grade NaCl. It was assumed that the drop in
the flux value was a result of the impurities in the industrial-grade NaCl which increased its
osmotic pressure which resulted in a lower osmotic pressure differential between the FS and
DS sides. Further investigation on two samples of both the reagent-grade and the industrialgrade NaCl would be helpful to identify the exact composition of both chemicals and verify
the assumption.

71

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

6. REFERENCES
AbuZeid, K., Elrawady, M., & CEDARE. (2014). 2030 Strategic Vision for Treated
Wastewater Reuse in Egypt. Water Resources Management Program - CEDARE.
Retrieved from http://web.cedare.org/wp-content/uploads/2005/05/2030-NationalVision-for-Wastewater-Re-use-in-Egypt.pdf
AlexFert. (2017, January 1). GSOA SPECS 2017.
Al-Karaghouli, A., & Kazmerski, L. L. (2013). Energy consumption and water production
cost of conventional and renewable-energy-powered desalination processes.
Renewable and Sustainable Energy Reviews, 24, 343–356.
https://doi.org/10.1016/j.rser.2012.12.064
Alshahri, F. (2017). Heavy metal contamination in sand and sediments near to disposal site of
reject brine from desalination plant, Arabian Gulf: Assessment of environmental
pollution. Environmental Science and Pollution Research, 24(2), 1821–1831.
https://doi.org/10.1007/s11356-016-7961-x
Altaee, A., & Hilal, N. (2015). High recovery rate NF–FO–RO hybrid system for inland
brackish water treatment. Desalination, 363, 19–25.
https://doi.org/10.1016/j.desal.2014.12.017
Burn, S., Hoang, M., Zarzo, D., Olewniak, F., Campos, E., Bolto, B., & Barron, O. (2015).
Desalination techniques — A review of the opportunities for desalination in
agriculture. Desalination, 364, 2–16. https://doi.org/10.1016/j.desal.2015.01.041
Cath, T., Childress, A., & Elimelech, M. (2006). Forward osmosis: Principles, applications,
and recent developments. Journal of Membrane Science, 281(1–2), 70–87.
https://doi.org/10.1016/j.memsci.2006.05.048

72

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

Chung, T.-S., Zhang, S., Wang, K. Y., Su, J., & Ling, M. M. (2012). Forward osmosis
processes: Yesterday, today and tomorrow. Desalination, 287, 78–81.
https://doi.org/10.1016/j.desal.2010.12.019
Coday, B. D., Xu, P., Beaudry, E. G., Herron, J., Lampi, K., Hancock, N. T., & Cath, T. Y.
(2014). The sweet spot of forward osmosis: Treatment of produced water, drilling
wastewater, and other complex and difficult liquid streams. Desalination, 333(1), 23–
35. https://doi.org/10.1016/j.desal.2013.11.014
Einhell Germany AG. (2018). Einhell GE-GP 9041 E datasheet. Retrieved from
https://assets.einhell.com/manuals-pdf/900_415267/ge-gp-9041e.pdf?_ga=2.166508279.815560813.1542962183-267564027.1542962183
El Beshbishy, W. (2018, November). Fertilizers in Egypt.
El-Gabaly, S. (2015). Fertilizers Industry in Egypt, Present and Future. Cairo, Egypt:
Federation of Egyptian Industries.
El-Maraghy, N. (2018). Brine disposal share in desalination total CAPEX.
EMISAL Salts. (2019). Emisal Salts. Retrieved January 16, 2019, from
http://www.emisalsalts.com/index.php?subjectid=22
FAO. (2005a). Fertilizer use by crop in Egypt. Rome.
FAO. (2005b). Irrigation in Africa in figures – AQUASTAT Survey.
Giwa, A., Dufour, V., Al Marzooqi, F., Al Kaabi, M., & Hasan, S. W. (2017). Brine
management methods: Recent innovations and current status. Desalination, 407, 1–
23. https://doi.org/10.1016/j.desal.2016.12.008
Heijman, S. G. J., Guo, H., Li, S., van Dijk, J. C., & Wessels, L. P. (2009). Zero liquid
discharge: Heading for 99% recovery in nanofiltration and reverse osmosis.
Desalination, 236(1–3), 357–362. https://doi.org/10.1016/j.desal.2007.10.087

73

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

IDA. (2018). IDA Desalination Year Book 2016-2017. Retrieved from
https://www.globalwaterintel.com/static_file_containers/112
Jones, E., Qadir, M., van Vliet, M. T. H., Smakhtin, V., & Kang, S. (2019). The state of
desalination and brine production: A global outlook. Science of The Total
Environment, 657, 1343–1356. https://doi.org/10.1016/j.scitotenv.2018.12.076
Kafkafi, U., & Tarchitzky, J. (2011). Fertigation: a tool for efficient fertilizer and water
management. Paris Horgen: International fertilizer industry association (IFA).
Kim, Y., Woo, Y. C., Phuntsho, S., Nghiem, L. D., Shon, H. K., & Hong, S. (2017).
Evaluation of fertilizer-drawn forward osmosis for coal seam gas reverse osmosis
brine treatment and sustainable agricultural reuse. Journal of Membrane Science, 537,
22–31. https://doi.org/10.1016/j.memsci.2017.05.032
Lattemann, S., & Höpner, T. (2008). Environmental impact and impact assessment of
seawater desalination. Desalination, 220(1–3), 1–15.
https://doi.org/10.1016/j.desal.2007.03.009
Lutchmiah, K., Verliefde, A. R. D., Roest, K., Rietveld, L. C., & Cornelissen, E. R. (2014).
Forward osmosis for application in wastewater treatment: A review. Water Research,
58, 179–197. https://doi.org/10.1016/j.watres.2014.03.045
McCutcheon, J. R., McGinnis, R. L., & Elimelech, M. (2005). A novel ammonia—carbon
dioxide forward (direct) osmosis desalination process. Desalination, 174(1), 1–11.
https://doi.org/10.1016/j.desal.2004.11.002
Ministry of Water Resources and Irrigation. (2014, February). Water Scarcity in Egypt.
Retrieved October 22, 2017, from
http://www.mfa.gov.eg/SiteCollectionDocuments/Egypt%20Water%20Resources%20
Paper_2014.pdf

74

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

Moawad, A. (2017, April). Current & Future Status For Desalination In Egypt. Presented at
the ARWADEX 2017 Conference, Cairo, Egypt. Retrieved from
http://exicon.website/uploads/editor/arwadex2017/speeches_and_presentations/002_P
resentation_Ahmed_Moawad.pdf
Mohammadesmaeili, F., Badr, M. K., Abbaszadegan, M., & Fox, P. (2010). Mineral recovery
from inland reverse osmosis concentrate using isothermal evaporation. Water
Research, 44(20), 6021–6030. https://doi.org/10.1016/j.watres.2010.07.070
Nasr, P. (2016). Groundwater desalination using forward Osmosis in Egypt.
Nasr, P., & Sewilam, H. (2015a). Forward osmosis: an alternative sustainable technology and
potential applications in water industry. Clean Technologies and Environmental
Policy, 17(7), 2079–2090. https://doi.org/10.1007/s10098-015-0927-8
Nasr, P., & Sewilam, H. (2015b). The potential of groundwater desalination using forward
osmosis for irrigation in Egypt. Clean Technologies and Environmental Policy, 17(7),
1883–1895. https://doi.org/10.1007/s10098-015-0902-4
Nasr, P., & Sewilam, H. (2016). Investigating the performance of ammonium sulphate draw
solution in fertilizer drawn forward osmosis process. Clean Technologies and
Environmental Policy, 18(3), 717–727. https://doi.org/10.1007/s10098-015-1042-6
Pérez-González, A., Urtiaga, A. M., Ibáñez, R., & Ortiz, I. (2012). State of the art and review
on the treatment technologies of water reverse osmosis concentrates. Water Research,
46(2), 267–283. https://doi.org/10.1016/j.watres.2011.10.046
Phuntsho, S. (2012). A Novel Fertiliser Drawn Forward Osmosis Desalination For
Fertigation. University of Technology, Sydney, New South Wales, Australia.
Phuntsho, S., Shon, H. K., Hong, S., Lee, S., & Vigneswaran, S. (2011). A novel low energy
fertilizer driven forward osmosis desalination for direct fertigation: Evaluating the

75

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

performance of fertilizer draw solutions. Journal of Membrane Science, 375(1–2),
172–181. https://doi.org/10.1016/j.memsci.2011.03.038
Phuntsho, S., Shon, H. K., Hong, S., Lee, S., Vigneswaran, S., & Kandasamy, J. (2012).
Fertiliser drawn forward osmosis desalination: the concept, performance and
limitations for fertigation. Reviews in Environmental Science and Bio/Technology,
11(2), 147–168. https://doi.org/10.1007/s11157-011-9259-2
Phuntsho, S., Shon, H. K., Majeed, T., El Saliby, I., Vigneswaran, S., Kandasamy, J., … Lee,
S. (2012). Blended Fertilizers as Draw Solutions for Fertilizer-Drawn Forward
Osmosis Desalination. Environmental Science & Technology, 46(8), 4567–4575.
https://doi.org/10.1021/es300002w
Porifera Inc. (2016, June). Porifera+PFO+Membrane+(060116).pdf. Porifera. Retrieved from
https://static1.squarespace.com/static/5910fcb22e69cf8bc09a2db8/t/593b12ff6a49637
811f269b8/1497043711766/Porifera+PFO+Membrane+%28060116%29.pdf
Porifera Inc. (2017). Membrane Invoice.
Reda, L. (2018, December 21). All you need to know about El-Galala Plateau [News].
Retrieved December 25, 2018, from https://infoweb-newsbankcom.libproxy.aucegypt.edu/apps/news/documentview?p=AWNB&t=pubname%3AEETC%21Egypt%2BToday%2B%2528Cairo%252
C%2BEgypt%2529&sort=YMD_date%3AD&fld-base0=alltext&maxresults=20&val-base0=desalination%20egypt%20150%2C000&docref=news/17074801A09BBF70
Roberts, D. A., Johnston, E. L., & Knott, N. A. (2010). Impacts of desalination plant
discharges on the marine environment: A critical review of published studies. Water
Research, 44(18), 5117–5128. https://doi.org/10.1016/j.watres.2010.04.036

76

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

Rosa, W. (Ed.). (2017). Transforming Our World: The 2030 Agenda for Sustainable
Development. In A New Era in Global Health. New York, NY: Springer Publishing
Company. https://doi.org/10.1891/9780826190123.ap02
Sahebi, S., Phuntsho, S., Eun Kim, J., Hong, S., & Kyong Shon, H. (2015). Pressure assisted
fertiliser drawn osmosis process to enhance final dilution of the fertiliser draw
solution beyond osmotic equilibrium. Journal of Membrane Science, 481, 63–72.
https://doi.org/10.1016/j.memsci.2015.01.055
Sánchez, A. S., & Matos, Â. P. (2018). Desalination Concentrate Management and
Valorization Methods. In Sustainable Desalination Handbook (pp. 351–399).
Elsevier. https://doi.org/10.1016/B978-0-12-809240-8.00009-5
Sayed, N. (2018, September 7). Sisi inspects development projects in Galala plateau [News].
Retrieved December 25, 2018, from https://infoweb-newsbankcom.libproxy.aucegypt.edu/apps/news/documentview?p=AWNB&t=pubname%3AEETC%21Egypt%2BToday%2B%2528Cairo%252
C%2BEgypt%2529&sort=YMD_date%3AD&fld-base0=alltext&maxresults=20&val-base-0=galala&docref=news/16E49E6044CFFEA0
Seddik, Y. (2018). Typical recovery rates of RO plants in Egypt.
Shawky, H. (2016). Desalination future of fresh water in Egypt. Retrieved from
http://cairoclimatetalks.net/sites/default/files/5%29%20Desalination%20future%20of
%20fresh%20water%20in%20Egypt%20-%20Dr.%20Hosam%20Shawky.pptx
Shrivastava, A., & Stevens, D. (2018). Energy Efficiency of Reverse Osmosis. In Sustainable
Desalination Handbook (pp. 25–54). Elsevier. https://doi.org/10.1016/B978-0-12809240-8.00002-2

77

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

Su, J., Zhang, S., Ling, M. M., & Chung, T.-S. (2012). Forward osmosis: an emerging
technology for sustainable supply of clean water. Clean Technologies and
Environmental Policy, 14(4), 507–511. https://doi.org/10.1007/s10098-012-0486-1
Talley, L. D., Pickard, G. L., Emery, W. J., & Swift, J. H. (2011). Ocean Dimensions,
Shapes, and Bottom Materials. In Descriptive Physical Oceanography (pp. 7–27).
Elsevier. https://doi.org/10.1016/B978-0-7506-4552-2.10002-2
The World Bank. (2017, December). Desalination technologies and Economics_CAPEX,
OPEX and technology game changers to come.
Youssef, P. G., AL-Dadah, R. K., & Mahmoud, S. M. (2014). Comparative Analysis of
Desalination Technologies, 61. Retrieved from
http://linkinghub.elsevier.com/retrieve/pii/S1876610214032871
Zarzo, D., & Prats, D. (2018). Desalination and energy consumption. What can we expect in
the near future? Desalination, 427, 1–9. https://doi.org/10.1016/j.desal.2017.10.046
Zhao, S., Zou, L., & Mulcahy, D. (2012). Brackish water desalination by a hybrid forward
osmosis–nanofiltration system using divalent draw solute. Desalination, 284, 175–
181. https://doi.org/10.1016/j.desal.2011.08.053

78

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

7. APPENDIX

79

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

80

Volume Reduction of Synthetic Brine Using FDFO for Irrigation: A Pilot-Scale Investigation

DI Water Dispenser
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Conductivity Meter
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Hotplate Stirrer
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Overhead Stirrer
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